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THE INSTITUTE 


An Ordinary General Meeting of the Institute of Petro- 
leum was held at 26 Portland Place, London, W.1 on 
9 November 1955, the Chair being taken by the President, 
Lt-Col. 8. J. M. Auld, O.B.E., M.C., D.Se. 


The General read the minutes of the meeti 
held on 12 October 1955. These were confirmed an 
signed as a correct record. He also announced the names 
of members elected since the previous meeting. 


The Chairman, introducing the authors of the paper to 
be presented, said: We are here tonight to listen to a 


PRE-FLAME REACTIONS IN DIESEL ENGINES * 
PART Ill 


By F. H. GARNER,} O.B.E. (Past-President), G. H. GRIGG ¢ (Student Member), 
FRANK MORTON ¢ (Fellow), and W. D. REID} (Student Member) 


SUMMARY 


Marcu 1956 


OF PETROLEUM 


per, entitled ‘‘ Pre-flame Reactions in Diesel Engines.” 
he authors, Professor F. H. Garner, Dr G. H. Griggs, 
Professor F. Morton, and Dr W. D. Reid, are from the 
University of Birmingham. 

Professor Garner and Professor Morton have, for some 
years, been leading a team on this important aspect of 
ignition and combustion, and it gives me much pleasure to 
welcome them here tonight with two other members of 
that team. 


The following paper was then presented in summary by 
Dr G. H. Grigg. 


The occurrence of pre-flames in a diesel engine has been investigated using a photomultiplier unit, and the 
chemica! reactions during the pre-flame period have been followed by sampling the combustion chamber gases, 


withdrawn from the chamber by means of an electromagnetically operated mushroom-type sampling valve. 
The design and testing of the valve is described. Two types of pre-flame have been observed; @ high intensity 
pre-flame occurring before injection of the fuel, and a secondary pre-flame of low intensity. These pre-flames 
are accompanied by high concentrations of aldehydes, and are dependent upon fuel composition, injection timing, 
and engine conditions. 

With a rm cetane number paraffinic fuel, pre-flames of low intensity occur at or after the point of injection 
for both early and late injection timings. On the other hand, with a low cetane number naphthenic fuel pre- 
flames of high intensity occur before injection, with late injection timings. These high intensity pre-flames are 
believed to be due to unburnt fuel from the previous cycle, and may be characteristic of low cetane number 


fuels. 


INTRODUCTION 


A FULL understanding of the combustion reactions of 
hydrocarbons in a compression ignition engine is of 
importance in the development of suitable fuels and 
additives for use in the modern light-weight, high- 
speed diesel engine. The chemical reactions preceding 
the flame are complex, and efforts have been made to 
study the pre-flame reactions by analysing samples of 
the combustion chamber gases at various positions in 
the stroke. 

In an earlier publication, a sampling valve was 
described, designed primarily for a Crossley single 
cylinder type BVC-1 diesel engine. The valve, with an 
opening time of 2° crank angle at the engine operating 
speed (1200 rev/min), was operated by an hydraulic 
mechanism using oil at high pressure and controlled 
by a valve timing gear to give the required opening 
time. With the valve opening 2° crank angle, a gas 
flow from the swirl chamber of 30 ml/min was ob- 
tained. Using this valve, samples of combustion gas 
from the chamber were collected, and subsequently 
analysed, to determine the amount of aldehydes and 
peroxides present in the combustion chamber gases at 


The mechanism of oxidation in a diesel engine is discussed. 


various positions of the stroke from —10° to +4° crank 
angle. Four fuels were used at injection timing —8° 
and full load, and one of the fuels was examined at half 
load. 

The results of this preliminary work showed that 
peroxides and aldehydes were formed by the reaction 
of the injected fuel with the hot compressed air, but 
that when misfiring occurred with a low cetane number 
fuel, peroxides and aldehydes were present in the 
combustion chamber prior to fuel ignition, owing pre- 
sumably to pre-flame reactions occurring during the 
compression stroke, and involving unburnt fuel from 
the previous cycle. 

The presence of chemical intermediates in the com- 
bustion chamber during the pre-flame period suggested 
that pre-flames might occur in the diesel engine as 
with the spark-ignition engine. It was decided to 
investigate the presence of pre-flames with a photo- 
multiplier unit similar to that described by Downs, 
Street, and Wheeler,” and to investigate the occurrence 
of chemical intermediates in samples taken during that 
period of the stroke over which pre-flames had been 
shown to occur. This required sampling over a much 
wider range on the compression stroke than had been 


* MS received 16 August 1955. 
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attempted previously, and involved a study of the 
effect of variation of injection timing, engine load, fuel 
rate, and fuel characteristics. 

The hydraulically operated valve was unsuitable for 
this programme because of the low rate of gas flow 
(30 ml/min). A magnetically operated valve was con- 
structed which gave a higher rate of gas flow (400 
ml/min) for the same opening time, namely, 2° crank 
angle. This valve has been used to obtain samples of 
combustion gases from the Crossley engine over a wide 
range of crank angle positions, for various fuel injec- 


The Crossley injection pump was replaced by a CAV 
pump, which was driven at half engine speed from the 
crankshaft through a 1 : 2 ratio chain drive and a set of 
phasing gears, as shown in Fig 3. Using these phasing 
gears, the injection timing could be set at any desired 
position. ‘‘ Whip ” in the driving chain was reduced 
to a minimum by means of a heavily spring loaded 
jockey sprocket wheel. 

The engine could be operated under eight stroke con- 
ditions by injecting fuel every four crankshaft revolu- 
tions. This was achieved by fitting a by-pass valve in 


Fie 
GENERAL LAY-OUT OF ENGINE AND EQUIPMENT 


tion timings and for two different fuels. The analysis 
of these samples is discussed in relation to the appear- 
ance of pre-flames in the engine. 


EQUIPMENT 


The general lay-out of the apparatus is shown in 
Fig 1. The engine used throughout this work was a 
single cylinder Crossley-Ricardo diesel engine fitted 
with a Mark II ‘‘ Comet ” type cylinder head contain- 
ing a spherical combustion chamber (Fig 2). Details 
of the engine performance and operating conditions are 
given in Table I. 

The engine was coupled to a Heenan and Froude 
dynamatic dynamometer, by which the engine speed 
could be kept constant and independent of the load. 
The surge chamber on the air intake contained a 
heater, and constant jacket temperature was main- 
tained by an immersion heater and thermostat fitted 
in the cooling water system. 

The equipment was modified so that the injection 
timing could be varied whilst the engine was running. 


the fuel line between the injection pump and the injec- 
tor, as shown in Fig 3. This valve, operated by a cam 
driven by bevel gears from the pump shaft, opened 
every two revolutions of the injection pump and 
allowed the fuel to flow away to a vane type pump, 
from which it was returned to the fuel tank. On the 
other revolutions of the injection pump, the valve was 


TaBLe I 
Maximum rated output. 7b.bp. 
Stroke. > ‘ 4-5 inches 
Bore . 40 inches 
Compression ratio . . 17-55 
Injection nozzle . . CAV pintle type 
Injector opening pressure . . 1800 p.s.i. 
Inlet valve opens — 13° crank angle 
Inlet valve closes + 190° crank angle 
Exhaust valve opens + 167° crank angle 
Exhaust valve closes ; - —8° erank angle 
Lubricating oil SAE 40 
Fuel consumption * . 26 ml/min 
Outlet water temperature . 175°F 
Inlet air temperature . - 105°F 


* Unless otherwise stated. 
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closed and the fuel flowed to the injector. Injection 
every four revolutions could have been obtained by 
running the pump at quarter crankshaft speed, but 
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CROSSLEY CYLINDER HEAD 


this would have altered the pump characteristics and 
doubled the period of injection. With the by-pass 
valve, the injection characteristics were the same for 
eight-stroke and four-stroke operation, because the 
pump speed remained the same. 


Engine Indicators 

Standard Sunbury indicating equipment was fitted 
to the engine for the measurement of the crank angle 
positions of injection and ignition. These indicators 
were connected to a Cossor double-beam oscilloscope. 
A time sweep and degree marker unit was coupled to 
the engine crankshaft, and this triggered the time base 
of the oscilloscope and supplied the signal for the 
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ARRANGEMENT OF INJECTION PUMP, PHASING GEARS, AND 
BY-PASS VALVE 


horizontal degree scale on one of the two beams. An 
electromagnetic pick-up attached to the injector was 
used to determine the point of injection. 
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Fuels 


Two fuels of differing character were used through- 
out the work : D1, the high-cetane number secondary 
reference fuel, cetane number 70, paraffinic in charac- 
ter, and D6, a naphthenic gas-oil, cetane number 32. 
Full details of these fuels are given in Table VII of the 
previous publication.* 


The Electromagnetic Sampling Valve 

The hydraulically operated valve was not suit- 
able for an extensive programme of testing, since 
the quantity of gas delivered (30 ml/min) was too 
small to allow a complete sampling run, from —30° 
to +4° crank angle, to be completed in a reasonable 
time. Attempts to increase the rate of gas flow 
resulted in an increase in the opening time above 2° 
crank angle, with consequent reduction in the accuracy 
with which the relationship between the appearance of 
pre-flame intermediates and crank angle position could 
be compared. This limited opening of the valve was 
believed to be due to mechanical compression of the 
valve stem spindle requiring the building up of the 
force necessary to open the valve against the gas 
pressure in the combustion chamber. 

The electromagnetically operated needle type valve 
described by Wheeler, Downs, and Walsh * had an 
opening time of 3° crank angle, but did not give a 
sufficiently high gas flow rate for our investigations. 
It was felt that the electromagnetic pulse ‘‘ hammer ” 
principle applied to the mushroom type valve would 
be satisfactory and would enable high rates of gas flow 
to be obtained. 

To achieve a high rate of gas flow and minimum 
opening times with a mushroom type valve, the valve 
head should open immediately to its maximum 
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ELECTROMAGNETIC GAS SAMPLING VALVE 


position, remaining fully open for the required period 
of time and subsequently close almost instantaneously. 
This effect can be achieved by forcing the valve stem 
to move against the action of a heavy spring by means 
of a hammer-like pulse, the pulse being produced by an 
electromagnet. Details of the valve are shown in 
Fig 4. 

The valve stem and body were made of 3 per cent 
nickel steel, with the valve head and seat, Q, stellite 
faced. The valve stem was supported in a tufnol 
guide, R, and was spring loaded by a strong com- 
pression spring, D, held in position by the tufnol 
collar, E. This was locked in position by a mild steel 
anvil, G, screwed to the end of the valve stem. 

The operation of the valve was as follows: The 
hammer, consisting of a mild steel core, L, and a brass 
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striking pin, H, was accelerated by a transient mag- 
netic field produced by the solenoid, K. The hammer 
moved in an axial direction, struck the anvil, and was 
then returned to its original position by the spring, T. 
The tension in T could be adjusted by the screw, P, 
and the movement of the core was limited by the 
adjustable stop, N. The close fit of the anvil and the 
hammer in the guide, 8, ensured that the valve stem 
moved only in an axial direction during operation. 
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SAMPLING VALVE INDICATOR 


When the valve opened, the sampled gases passed 
down the annulus between the valve body and stem, 
and out through the tube, B. To reduce the time of 
flow through the valve, an asbestos bush was fitted to 
the a of the valve body, reducing the annulus 
width to ¢ inch, and thus increasing the gas velocity. 

Tufnol ‘components were used to insulate the valve 
stem from the body at all points except between the 
valve head and seat, which formed a make and break 
switch for the indicating mechanism. 


Valve Indicating Mechanism 

Fig 5 shows a modification of the make and break 
indicator for measurement of valve opening time 
described previously.! Electrical contact with the 
valve stem was maintained by the brush gear (F, 
Fig 4), which was insulated from the valve body. 
With the valve closed the circuit was completed across 
the head and seat, and the potential at the oscilloscope 
terminal was almost zero. When the valve was 


Fie 6 
INDICATION WAVE FOR SAMPLING 


opened the contact across the head and seat was 
broken, and since the valve stem was completely 
insulated from the body by the tufnol components, the 
electrical circuit was opened. This produced a square 
wave on the oscilloscope screen (Fig 6). 
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The advantage of this type of indicator was that it 
gave a direct indication of valve opening. With an 
indicator using an electromagnetic pick-up placed near 
to the end of the valve stem,! there was considerable 
movement before the valve actually opened, and this 
was recorded by the pick-up. Thus measurement of 
valve opening time and position were subject to con- 
siderable errors. 


Sampling Valve Controller 

In order to give maximum acceleration to the 
moving iron core of the electromagnet, it was necessary 
to supply the solenoid with an electrical impulse of 
high current density over a short period of time. This 
impulse was provided by a controller, a circuit diagram 
of which is shown in Fig 7. 

The current was taken from the anodes of five beam 
tetrode valves connected in parallel. The control 
grids were connected through two contact breakers to 
a potentiometer, to enable the potential applied to the 
grids to be varied from 0 to 50 volts. By this means 
the current carried by the valves could be varied, and 
the strength of the impulse set to any required value. 


VALVE 
SOLENOID 


ORIVEN 
CONTACT BREAKER 
LF SPEEO 


contact 
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CIRCUIT DIAGRAM OF SAMPLING VALVE CONTROLLER 


The valves were “ fired’ by completing the control 
grid circuit by means of the two contact breakers. 
The half-speed contact breaker closed during the com- 
pression and power strokes and opened during the 
exhaust and intake strokes. The other contact 
breaker, which was coupled directly to the crankshaft, 
was wired in series with the first, and controlled the 
timing and duration of the impulse. An impulse of 
36° crank angle (or 5 milliseconds) was found to give 
satisfactory results. The master breaker was fitted to 
the crankshaft to prevent variations in the timing of 
the impulse, which would occur if the master switch 
was coupled to a half speed shaft subjected to the 
usual variations caused by “ lash ”’ in the driving gear. 
The instant of operation of the solenoid could be set 
at any point by altering the angular position of the 
contacts on the master breaker. 

When the master contact breaker opened, the 
current supplied to the sampling valve was stopped 
abruptly by a negative potential of —75 V applied 
through a high resistance to the control grids. To 
protect the beam tetrodes against the back e.m.f. 
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produced by induction effects, a diode was connected 
across the terminals of the solenoid. F 


Operation of the Sampling Valve 

The performance of the valve was studied in a test 
rig (Fig 8), before using it for sampling experiments in 
the engine. The rig consisted of a steel tube into one 
end of which the valve was inserted, the other end 
being blanked off. A pick-up was placed with its tip 
close to the valve head, and was supported by an 
adaptor soldered to the end of the valve body. In this 
way the movement of the valve head in relation to the 
valve seat could be detected by the pick-up, and any 
compression effects in the valve body were avoided. 
The rig was connected to an air cylinder and to a 
pressure gauge so that the valve could be subjected to 
a known pressure. 

The sampling valve was connected to the controller, 
and the circuit breakers were driven by the engine 
running at its normal speed. 


EM PICKUP ADAPTOR SAMPLING VALVE. 


FOR PICKUP 


TO Al® CYLINDER 
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PRESSURE RIG FOR TESTING SAMPLING VALVE 


Indicator Diagrams 

Fig 9 (a) shows the type of diagrams given by the 
two indicators. The lower trace shows the square 
wave form of the valve make and break indicator, 
the middle trace is the degree scale in which each 
division represents 2° crank angle, and the upper trace 
was produced by the electromagnetic pick-up situated 
close to the valve head. This photograph was taken 
for a rig pressure of 450 p.s.i., and a gas flow from the 
valve of 450 c.c/min. By reducing the travel of the 
iron core in the electromagnet, a stage was reached 
at which the valve operated without gas flow. The 
indicator diagrams obtained under this condition are 
shown in Fig 9 (b). It appears that without gas flow 
there was considerable movement of the valve head, 
lasting for about 4° crank angle, as recorded by the 
pick-up. Under the same conditions, the sampling 
valve indicator gave a triangular wave, owing to 
variation of the electrical resistance between the valve 


PART III 


(6) No GAS FLOW 
Fia 9 


head and seat. The pointed top of the wave suggests 
that the circuit was broken completely. 

When operating normally, as in Fig 9 (a), the move- 
ment of the valve head, as shown by the pick-up, 
occurred for about 5}° crank angle. Therefore, the 
opening time during which gas flow occurred was given 
by the difference between the readings for normal 
flow and zero flow, that is, 14° crank angle. The 
opening time, as shown by the top of the square wave 
in Fig 9 (a), was 14° crank angle. This proved that the 
make and break indicator fitted to the sampling valve 
gave a true record of its opening period. 

The variation in valve timing from cycle to cycle is 
shown by Fig 10. The upper trace shows that the 
valve movement was identical for two consecutive 
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VALVE INDICATOR SHOWING CYCLIC VARIATION OF VALVE 
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cycles, whilst the lower trace indicates that the 
variation in opening time for three consecutive cycles 
was about +}° crank angle. 


The Effect of Pressure and Opening Period on Gas Flow 


Experiments were carried out using the test rig, in 
which the pressure was varied from 250 to 650 p.s.i., 
and the gas flow measured for a constant valve opening 


VALVE OPENING TIME 2°CRANK ANGLE 
GAS TEMPERATURE: 17°C 


8 


VALE LUFT (INS x 1073) 


pressure (p 
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time of 2° crank angle. 
Table IT. 


The results are presented in 


Tasie IT 
Effect of Pressure and Opening Time on Gas Flow 


Valve opening time 2° 


crank angle Pressure 400 p.s.i. 


Opening time, 
deg crank 
angle 


Pressure, 
p-s.i. 


Gas flow, 
¢.e/min 


Gas flow, 
e.e/min 


89 
167 
387 
625 

1010 
2360 


250 


From the full curve in Fig 11, it is seen that the 
flow increases rapidly with increase in pressure above 
450 p.s.i. During the sampling work described later, 
a valve opening time of 2° crank angle was used in all 
the experiments. 

Flow measurements were made at a constant 
pressure of 400 p.s.i. for opening times of from }° to 5° 
crank angle. The results are given in Table IT, and 
plotted in Fig 12 (full curve). 
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CAS PRESSURE 400 psig 
GAS TEMPERATURE I7°C | 


7 | 


7 
‘ 
GAS 


FLOW 


GAS FLOW (ML /MIN } 


2 3 
VALVE OPENING TIME 
(DEGREES CRANK ANGLE) 
Fie 12 


The Measurement of Valve Lift 

For these experiments the test rig was modified as 
shown in Fig 13. The electromagnetic pick-up and 
adaptor were removed from the valve and a tufnol 
insulating top was fitted at the end of the tube. This 
top was drilled and tapped to take a finely threaded 
brass needle, to which a circular scale was fixed. 


‘TuFMOL’ 


SUEVE. 


SAMPLING 
VALVE 


| 
TO AIR CYLINDER 
& PRESSURE GAUGE 


Fre 13 


RIG FOR MEASURING VALVE LIFT 


The needle and steel tube were connected to the 
oscilloscope, with a high resistance across the terminals 
and a battery in the circuit. 

The rig was pressurized and the needle was screwed 
in until contact was made with the valve head, thus 
completing the electrical circuit and causing a ‘“‘ kick ”’ 
on the oscilloscope screen. The angular reading on 
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the circular scale was taken, the needle screwed out, 
and the sampling valve was then operated without gas 
flow. The needle was screwed in until it touched the 
valve head as indicated by the “ kick ’’ on the screen, 
and a second measurement on the scale was made. 
Knowing the pitch of the thread on the needle, and 
from the angular difference between the first and 
second readings, the valve lift for “ zero”’ opening 
time was calculated and found to be 0-0004 inch.} P- 317 

Using this method, the extent of valve lift was 
determined for opening periods of from }° to 4° crank 
angle at constant pressure, and for pressures from 200 
to 600 p.s.i. at a constant opening time of 2° crank 
angle. The results are given in Table ITI. 


Taste IIT 
Effect of Pressure and Opening Time on Valve Lift 


Pressure 400 p.s.i. 


Opening time 2° crank angle 


Opening time, 
deg crank 
angle 


Pressure, 
p-s.i. 


Valve lift, 
inches x 


Valve lift, 
inches x 10-° 


200 
300 
400 
500 
600 


These results are plotted as the dotted curves in 
Figs 11 and 12. It appears that the relationship 
between valve lift and opening period is almost 
linear, for constant pressure, whilst the increase in 
valve lift with pressure rise becomes smaller at higher 
pressures. 

The 0-0004-inch movement of the valve head with- 
out gas flow may be owing to one or both of two 
factors : 


(1) Since the valve body is in compression 
owing to the valve return spring and pressure on 
the valve head, the valve head and seat will move 
together for a short period before the valve opens 
and gas flow begins. 

(2) The centre of the valve head from which 
measurements were taken may move before the 


edges of the valve, owing to a flexing of the head. 


Adjustments on the Sampling Valve 

The experiments with the test rig showed that the 
valve could be adequately controlled by the following 
adjustments : 


(1) The adjustment of the stop limiting the 
travel of the iron core was found to have a marked 
effect on both the gas flow and the opening period. 
Increase in core travel was accompanied by in- 
crease in both the flow and opening time. Also, 
the valve timing was slightly retarded. The 
optimum value for travel of the core was found 
to be about 33; inch. 

(2) The magnitude of the electrical pulse could 
be varied by the potentiometer, which was found 


to give finer control of gas flow and opening time 
without affecting the instant of valve opening. 

(3) The tension in the core return spring was 
found to have a marked effect on the cyclic 
variation of valve timing, increase in tension 
tending to reduce the variation. 


SAMPLING EXPERIMENTS 


The early experiments with the electromagnetic 
sampling valve were carried out using the high cetane 
secondary reference fuel, D1, to determine the effect of 
certain variables on the sampling results. A fixed 
injection timing of —9° c.a. was used, the sampling 
range covered being from —12° ¢.a. to +8° c.a., 
enabling a complete set of aldehyde and peroxide 
curves to be obtained in a single run. 

The first series of experiments were carried out 
under standard conditions, with the engine running at 
half load (b.m.e.p. = 44 p.s.i.). Samples were taken 
from the combustion chamber at intervals of 2° c.a., 
with the mushroom valve placed so that its tip was 
flush with the wall of the chamber. In these and 
subsequent experiments, fine particles of carbon 
always appeared in the samples at about +4° c.a., and 
the amount increased as sampling was taken beyond 
this point. After sampling beyond +4°, samples 
were taken before +4° and no carbon was detected, 
thus showing that the carbon was not being produced 
from the valve stem as a result of prolonged running. 
Runs were also made at an increased load (b.m.e.p. 
77 p.s.i.). 

The results * showed that peroxides and aldehydes 
were present in the combustion chamber during the 
pre-flame period, and that the concentrations of these 
intermediates varied during this time. Although the 
absolute concentrations were not entirely repro- 
ducible, the general shape of the curves was the same. 
Increase in the engine load had little effect on the 
peroxide curve, the concentration of peroxides and the 
position of the main peak being unaltered. The 
concentrations of aldehydes, however, were approxi- 
mately half those obtained under light load, and the 
main aldehyde peak occurred earlier. This may be 
owing to the lower temperatures which occur in the 
engine under light load conditions, and which favour 
the formation and stability of aldehydes. 

To determine the effect of position of the sampling 
valve, the mushroom valve was screwed into the com- 
bustion chamber a further } inch, a distance corre- 
sponding to one-third of the radius of the chamber. 
The concentrations of intermediates (for a b.m.e.p. 
44 p.s.i.), were of the same order as those found when 
the valve was flush with the wall of the chamber. 
This suggests that at any given time in the pre-flame 
period, the concentration of intermediates near the 
centre of the chamber are similar to those at the wall. 
Owing to the difficulty of finding a suitable place in the 
eylinder head to bore a second hole into the chamber, 
no further experiments on the effect of valve position 
could be carried out. 
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When sampling with the mushroom valve, the valve 
head probably caused a certain amount of disturbance 
to the swirl of gas in the combustion chamber. To 
find whether this disturbance was appreciable, runs 
were carried out with a needle type of valve (identical 
to that employed by other workers *), placed flush with 
the chamber wall. Such a valve should cause no 
interference with swirl. It was found that the con- 
centrations of peroxides and aldehydes were similar to 
those obtained with a mushroom valve under the same 
conditions. The opening time of the needle valve was 
longer, and thus smoother curves were obtained. 
Particles of carbon also appeared at +4° crank angle, 
as was found with the mushroom valve. 


MEASUREMENT OF FLAME INTENSITY 
AND POSITION 


In the investigation of cool flame formation in a 
motored engine,? Downs, Street, and Wheeler used a 
photomultiplier unit, RCA 931, to detect cool flames. 
This cell has a high internal amplification of approxi- 
mately 10°, and a peak spectral response of 4200° A 
(approximately the blue-violet region). It was there- 
fore decided to use such a unit in the detection of 
pre-flames in the diesel engine. As the pre-flame is 
followed by a hot flame, the phototube was preserved 
from overload and damage by a series of ten 100-K 
resistors, that is, one 100-K resistor for every stage 
of the photomultiplier. 

The cylinder head of the Crossley engine is shown in 
Fig 2. The boss for indicators and the sampling valve 
were used to take the adaptor (Fig 14). As shown, this 


., 


ADAPTOR FOR FLAME MEASUREMENTS 


adaptor contained a quartz window, sealed into the 
adaptor by means of Halite washers. A’ steel strap 
connected the photomultiplier tube to the adaptor, the 
whole unit being light-proof, except for the light which 
was transmitted from the combustion chamber. 

To the first stage of the phototube, 1200-V stabilized 
d.c. voltage passed from a power pack, and the output 
from the last stage was passed through a 750-Q 
resistor to earth. The voltage drop across the resistor 
was lead to a Cossor double beam oscilloscope, giving 
the flame intensity trace. The other beam was 
supplied from a triggered time base, giving a horizontal 
degree scale. In the event of carbon formation on the 
window, further amplification of the intensity could be 
obtained from the oscilloscope itself. 

Runs were carried out at various injection timings 
and fuel rates. These results are shown in Tables [V~ 
VIII, and plotted in Fig 15, as ignition delay ». 


Tasie IV 


Fuel D1. Fuel Rate 20 ml/min Degrees Crank Angle 


Delay 
between 
injection 

and main 
flame 


Position of | Appear: 


Injection | pre-flame 


no pre-flame 
+10 


no pre-fiame 


l 
no pre-flame 


Fuel Di. 


Fuel Rate 26 ml/min Degrees Crank Angle 


Delay 
between 
injection 
and main 

flame 


Position of | Appearance 


Injection of main 


—30 
—41 
no pre-flame | — 41 and — 28 
—4land — 24 
—38 
—40 


Taste VI 
Fuel Rate 32 ml/min Degrees Crank Angle 


Delay 
between 
injection 
and main 

flame 


Position of | Appear: 


Injection pre-flame 


—5 
+4 10 
trace at 0 

trace 

no pre-flame 
—34 
—40 
— 36 


— 36 —3l 


injection timing. For any one fuel input rate, records 
were made of the appearance of the main flame, and 
any pre-flames which occurred, at all injection timings 


ance Of | | B.m.e.p., 
main || p.s.i. 
flame 
+16 ll 18 
+9 9 24 
— § a +4 9 26 
—10 — 1 9 26 
—15 — 6} 84 22 
—20 —10 10 20 
—25 —14 ll 9 
—30 —18 12 9 
— 35 —21 14 6-5 
: —40 —28 12 4 
; —45 —33 12 4 
— 50 —46 4 
TABLE V 
a | | | | 
; | B.m.e.p., 
peak flame ae 
+10 +10 +20 10 20 
+56 — 3 +18 13 31 
‘ 0 trace + 94 94 40 
— 5 jno pre-flame + 4 9 44 
—10 0 10 42 
—15 i — 5 j 10 42 
—20 —10 10 35 
—25 12 29 
ee: — 30 —30 to —18 —18 12 24 
$5 18 13 
40 |, | 
—45 | | 4and 17 11 
—50 | 9 and 26 9 
— 55 | 17 7 
Fie 14 
: Fuel D1. 
ance | B.m.e.p.. 
main p-8.i. 
flame | 
+5 44 
0 49 om 
57 
~10 | 62 
| 57 
44 
—30 35 
| 26 
—40 ° 26 
—45 26 
—50 19 22 
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for which the engine would operate at the normal speed 
of 1200 rev/min. This entailed a wide range of injec- 
tion timings, both before and after the normal injection 
timing of approx 9° before t.d.c. 

Photographic records were also made for certain 
injection timings at a fixed fuel input of 26 ml/min. 
These are shown in Figs 16-27. In these figures the 
upper trace is the horizontal degree scale, in which the 
highest vertical stroke marks the position of t.d.c., 
approached from left to right on the compression 


TasLe VII 


Fuel Di. Fuel Rate 80 ml/min Degrees Crank Angle 


Delay 
between 
injection 
and main 


Position of 
pre-flame 
peak 


Injection 


no pre-flame 


Taste VIII 
Fuel D6. Fuel Rate 26 ml/min Degrees Crank Angle 


Delay 
between 
injection 


Appear- 


main 
flame 


Position of 


pre-flame B.m.e.p., 


Injection 
p.8.i. 


0 and — 22 
—20 and —12 
—19 and —4 

—20 to +8 
—30, —18, + 6 
and 0° 
no pre-flame — 2 
” — 5 


+22 
+20 
+10 


stroke. The lower trace is the fame intensity curve 
in which the lowest point is the point of maximum 
intensity. (This is owing to the supply of a negative 
voltage to the photomultiplier.) 

To clarify the interpretation of the flame intensity 
photographs, consider Figs 16 and 18. In both dia- 
grams, reading from left to right, the crank angle (c.a.) 
positions are marked for every 10°. Fig 16 shows the 


oceurrence of a low intensity pre-flame (—21° to 
+10°), followed by the main flame (between + 16° 


5 


IGNITION DELAY (DEGREES CRANK ANGLE) 


-40 =30 


-20 


INJECTION (DEGREES CRANK ANGLE) 


Fie 15 


| | | | 
flame 
+ 17 24 
0 20 35 
= § 15 35 
a —10 16 35 
ance of B.m.e.p., 
flame flame 
0 | +11 06 
+ 6 11 73 
—10 +2 12 75 
—15 — 5 10 75 
: —25 —34 —13 12 57 
—30 —33 16 44 
—35 —32 —18 17 53 
FUEL DJ. FUEL 0.6. 
: 26 ML/MIN 
: 
ML 
PREFLAME 
OCCURRENCE ae 
: 6 
-60 -50 fe) +10 


AND REID: 


Fig 1? 


FUEL DI INJECTION —0° 


FUEL DI INJECTION +5° 


+20 +30 +40 


Fie 19 
Fia 18 FUEL D1 INJECTION — 30° 


FUEL DI INJECTION —5° 


Fie 20 Fie 21 


FUEL D1 INJECTION — 40° FUEL Dl INJECTION — 45° 
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and +20° c.a.). In Fig 18 the smooth horizontal on 
the flame intensity curve shows that no pre-flame 
occurs (main flame at +-4°). 


FUEL Dl 


The flame intensity photographs for the high-cetane 
secondary reference fuel, D1, are shown in Figs 16-22. 
For an injection timing of +5° c.a. (Fig 16) a small 
intensity pre-flame occurred before injection of the 
fuel. As the injection was moved to earlier timings 
(Figs 17 and 18), the pre-flame was of very slight 
intensity at an injection timing of 0° (occurring at 
+4°) and had disappeared altogether at the injection 
timing of —5° c.a. (Fig 18). 

Pre-flames were absent in the normal range of injec- 
tion timings (—5° to —20° c.a.), but at early injection 
timings the pre-flames occurred again. In Fig 19 
(injection —30°) the low intensity pre-flame occurred 
at —30°, merged with the main flame, and was 
accompanied by heavy knocking, as shown by the 
wavy trace of the main flame. At the earlier injection 
timing of —40° c.a. (Fig 20) the low intensity pre- 
flame had separated from the main flame, and occurred 
at the point of injection, accompanied again by heavy 
knock. As the injection moved earlier (—45° and 
—50°) the pre-flame again merged with the main 
flame, finally giving a step-like rise to peak intensity 
(Fig 22) and smooth combustion. 


FUEL D6 


The pre-flames occurring with the naphthenic gas 
oil, D6, appeared to differ in character from those 
obtained with the paraffinic fuel, both in intensity 
and position of occurrence. For later injection 
timings, +10°, +5°, 0° c.a. (Figs 23-25) pre-flames 
of high intensity occurred, the peak intensity being at 
approx —20° c.a. The pre-flames were followed by 
secondary peaks at t.d.c. This is shown particularly 
in Fig 25. The occurrence of these secondary pre- 
flames is discussed later with reference to their in- 
fluence on the concentration of aldehydes in the 
combustion chamber. 

With the more normal injection timings of —5° and 
—10° c.a. (Figs 26 and 27) pre-flames occurred, in 
contrast to fuel D1, which did not give rise to pre- 
flames at these injection timings. Fig 26 shows a pre- 
flame of varying intensity, appearing at —15° c.a. 
with a peak intensity at t.d.c. This pre-flame merged 
with the main flame in the step-wise manner observed 
with early injection of D1 (cf Figs 21, 22, and 26). 
At an earlier injection timing of —10° c.a. (Fig 27) 
pre-flames of low intensity occurred before injection 
at —30° c.a. and —18° c.a. accompanied by heavy 
knock. The heavy knock did not show in Fig 27 
(cf Fig 20), as the main flame occurred after t.d.c. and 
not before as in Fig 20. Excessive knock occurred 
in the engine when operating on fuel D6 at injection 
timings earlier than —10°. 

Both fuels show a similarity in the occurrence and 
position of low intensity pre-flames, which occur at or 
after injection, accompanied by heavy knock. This 


intensity is of the same order as that found in recent 
investigations into the precombustion reactions in a 
motored engine.2»5 The intensity of the pre-flames 
oceurring with late injection of D6 (Figs 23-25) would 
indicate that both the pre-flame and the main flame 
are similar in nature, the pre-flame being formed by 
unburnt fuel carried round from the previous firing 
stroke. 

In the plot of ignition delay v. injection timing 
(Fig 15), the influence of pre-flames on the main flame 
is shown for both fuels, D1 and D6. At late injection 
timings, i.e. after t.d.c. for all fuel rates, the presence 
of the pre-flame is accompanied by an increase in the 
delay period. The occurrence of pre-flames at early 
injection timings temporarily arrests the gradual 
increase in the delay period as the injection timing 
moves to an earlier position. 


SAMPLING EXPERIMENTS 
Sampling Technique 


On completion of the flame intensity measurements 
the adaptor tube was removed and the electro- 
magnetic sampling valve fitted to the engine (Fig | 


TAP FOR NITROGEN 
SC 


Fie 28 
ARRANGEMENT FOR COLLECTING GAS SAMPLES 


shows the sampling valve in position). The larger 
volumes of gases withdrawn by the valve enabled a 
considerable modification in the sampling technique 
and methods of analysis described in the earlier paper. ! 
In the present series of experiments separate samples 
were taken for aldehyde and peroxide analysis. After 
leaving the valve the gases were passed through a 
trap containing an absorbent, and the volume of gas 
was then measured by a gas meter (Fig 28). The trap 
was designed so that the outer tube containing the 
absorbent could be removed after sampling had been 
completed and the analysis carried out in the tube. 
The absorbent used for peroxide analysis was 5 ml of 
a 3 per cent aqueous solution of sulphamic acid which 
destroyed any nitric acid formed by solution of oxides 
of nitrogen in the gas. For the analysis of aldehydes 
the absorbent was 5 ml of a 0-5 M solution of sodium 
bisulphite. Preliminary experiments showed that 
95 per cent of the peroxides and aldehydes were 
absorbed in the single trap and that the use of a second 
trap was unnecessary. For peroxide analysis sampling 
was continued until 10 litres of gas had passed 


| 
4 
J | 
| 
e 
‘ 
- 
U 
a 
a 


PRE-FLAME REACTIONS IN DIESEL ENGINES. PART IIL 81 


through the meter, whilst for aldehyde analysis a 
volume of 5 litres of gas gave a sample sufficient for 
analysis. 

The increased rate of sampling also increased the 
scope of possible analytical methods. In the earlier 
work, colorimetric methods had to be used. For the 
present work, polarographic methods have been in- 
vestigated, but so far have not proved satisfactory for 
the determination of peroxides. Titration methods 
were finally adopted as the most satisfactory for the 


present purpose. 
Estimation of Peroxides 

The potassium iodide method was used for peroxide 
analysis. This method depends upon the reaction 
of the peroxide with the iodide in acid solution, in 
which iodine is liberated and then titrated with 
thiosulphate, using starch as an indicator. 

In preliminary experiments on engine samples, 
treatment with potassium iodide produced no iodine, 
even after adding hydrogen peroxide to the sample. 
This suggested that iodine was being liberated, but 
that it was immediately removed by some other con- 
stituent in the sample. The two most likely con- 
stituents were sulphur dioxide, produced by oxidation 
of the sulphur in the fuel, and unsaturated hydro- 
carbons. Both types of compounds react readily with 
iodine. The interfering substances were removed by 
adding bromine water to the sample before analysis, 
and excess bromine was then absorbed with phenol. 
After this treatment, iodine was liberated when 
potassium iodide was added. Experiments on the 
effect of the length of the reaction period showed that 
there was no increase in the quantity of iodine 
liberated after the sample had stood for 2 hours. 

Stock solutions of hydrogen peroxide, benzoyl 
peroxide, and tertiary butyl hydroperoxide were pre- 
pared and standardized, to check the accuracy of the 
method. The results indicated that if all the peroxide 
present in the engine samples was hydrogen peroxide, 
the error in values of the absolute concentration would 
not be great. If, however, large quantities of alkyl 
or aryl peroxides, e.g. tertiary butyl hydroperoxide, 
were present, the observed concentrations will be much 
smaller than the true values. The magnitude of the 
error will thus depend on the proportion of alkyl 
peroxides in the samples. The relative errors for the 
same type of peroxide are not so great, not exceeding 
+10 per cent. Thus, although the peroxide con- 
centrations determined in later experiments have little 
absolute significance, their relative values are reliable. 


Estimation of Aldehydes 

The aldehydes were collected in a bisulphite solution, 
allowed to stand overnight, and were analysed by the 
method of Lea.? The excess bisulphite was titrated 
with iodine, and the aldehyde bisulphite complex then 
decomposed by addition of alkali. The quantity of 
aldehyde was then determined by titration of the 
liberated bisulphite with iodine. The rate of decom- 
position of the aldehyde bisulphite complex increases 


with increase of pH of the solution. Lea recom- 
mended the addition of sodium bicarbonate to raise the 
pH of the solution to 8-0. It was found that this was 
not sufficiently alkaline to ensure rapid decomposition 
of the complex, thus causing fading at the end point. 
This was avoided by making the solution more alkaline 
by the addition of sodium carbonate. 

The aldehyde method was checked with standard 
solutions of formaldehyde. The error at the higher 
concentrations, 300 p.p.m. and above, was of the 
order of —10 per cent, but at lower concentrations, 
e.g. 50 p.p.m., the error was —3 per cent. In all 
cases, the reproducibility was +3 per cent. 


ANALYTICAL RESULTS 


Sampling experiments were performed over a wide 
crank angle span, before and after injection, for com- 
parison with the flame intensity photographs. The 
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results of these experiments are presented graphically 
in Figs 29-35, in which the concentration of aldehydes 
(calculated as HCHO) and peroxides (as H,O,) are 
plotted against the crank angle position of sampling. 
It will be noted that aldehydes and peroxides are 
present in varying concentrations at all the crank 
angle positions sampled with or without the presence 
of pre-flames. 

These results may be compared with the flame trace 
for corresponding engine conditions on the following 
basis. The flame trace results were obtained for a 
constant fuel input and variable load. On the Cross- 
ley engine, the load and fuel input cannot be varied 
independently, and the sampling runs were therefore 
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carried out at the same constant fuel input (26 ml/min) 
as the photomultiplier runs, this giving rise to different 
loads for the different fuels and injection timings. 
However, since for one fuel at one injection timing, the 
fuel rate and load is the same for both the sampling 
and the photomultiplier runs, the graphs of concentra- 
tion of intermediates v. crank angle may be compared 
with the appropriate flame intensity photograph, 
although it may not be strictly correct to compare the 
results when a different injection timing is used. 

To facilitate the discussion of these results, the 
points of injection, ignition, pre-flame, flame, and 
carbon appearance have been marked on each of the 
Figs 29-35. 


FUEL D1 


Figs 29-32 show the sampling results for fuel D1 at 
injection timings of —10°, —5°, 0°, and +5° c.a., 
respectively. With this fuel pre-flames do not occur 
with the first three injection timings (see Table V) 
and the aldehyde concentration for these three runs 
varies with crank angle position in a uniform manner. 
There is a small concentration of aldehydes present 
before injection (20 p.p.m.), and this increases slightly 
as compression is advanced until the point of injection 
is reached when the concentration falls over the next 
4° c.a. Thereafter the concentration of aldehydes 
rises rapidly through the point of ignition to a maxi- 
mum at or about the point of flame appearance and 
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thereafter falls rapidly to the original value. The 
maximum concentration of aldehydes at flame appear- 
ance in these runs in which pre-flames do not occur is 
60 p.p.m. (Fig 31). The peroxide content of the gases 
lies around 0-2 p.p.m. throughout the range tested, but 
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shows a slight increase at the point of flame 
appearance. 

In the experiments with fuel D1 at injection timings 
of +5° C (see Figs 16 and 32) pre-flames were observed 
before fuel injection (—20° to +10° c.a.), and Fig 32 
illustrates the marked increase in aldehyde concentra- 
tion which accompanies the appearance of pre-flames. 
The aldehyde concentration at —20° c.a., the point at 
which the pre-flame commences, is 230 p.p.m., rises 
to a maximum of 380 p.p.m. at the pre-flame peak, 
falls off as the pre-flame proceeds, and then rises to a 
second peak about the point of injection. There- 
after, the concentration falls to the end of the pre- 
flame period but rises rapidly after ignition to a 
maximum of 440 p.p.m. 

The peroxide concentration also shows an increase 
with the appearance of pre-flames, increasing from 0-2 
to 0-6 p.p.m. in the pre-flame zone, reaching 1-2 p.p.m. 
in the period after ignition. 


FUEL D6 


Figs 33-35 give the results obtained with fuel D6 
using injection timings of 0°, +5°, and +10° c.a., 
respectively, injection timings which give rise to pre- 
flames occurring before injection (Figs 23-25). Again 
the aldehyde concentrations are one-hundred-fold 
greater than those obtained with normal injection 
settings and in the absence of pre-flames.) In 
each case the aldehyde concentration increases from 
the point at which the pre-flame first begins to a 
position some 5° c.a. after the point at which the main 
flame appears, with intermediate peaks at the crank 
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angle positions corresponding to the peak intensity of 
the pre-flame, peak intensity at the second pre-flame 
(where this occurs), a point 2° c.a. after injection, and 
finally a peak just after the appearance of the main 
flame. The concentration associated with the main 
flame shows a decrease from 500 p.p.m. with injection 
timing 0° c.a. to 380 p.p.m. at injection +10° c.a. In 
the experiments with injection timings of +5° and 
+ 10° two peaks in the aldehyde concentration (Figs 34 
and 35) are related to corresponding peaks on the flame 
intensity diagrams (Figs 23 and 24). It is, however, 
possible that the pre-flame position varied by approx 
5° c.a. and the flame trace, which shows the appearance 
for a number of consecutive cycles, records the varia- 
tion as two peaks. 

As the peroxide concentrations are very small, and 
in view of the predicted accuracy of the method men- 
tioned earlier, it would seem ambiguous to draw peaks 
and troughs on the peroxide curves, but the peaks 
number four for every injection timing, occurring at 
approximately the same crank angle positions, i.e. the 
pre-flame peak, 2° c.a. after the point of injection, at 
the point of ignition, and as the concentration of 
aldehydes decreases following the arrival of the flame, 
so the peroxides show an increase in concentration. 
When the injection is later, i.e. +-10° c.a., the corre- 
sponding concentrations of peroxide show an increase 
at all crank angle positions compared with earlier 
injection, e.g. 0° c.a. 

The occurrence of a secondary pre-flame at t.d.c. 
with fuel D6 at late injection timings was mentioned 
in connexion with the flame intensity photographs 
The effect of this secondary flame is 


(Figs 23-25). 
shown in the sampling curves in Figs 33-35. Follow- 
ing the first pre-flame, the aldehyde concentration falls 
and then rises to a peak at a position corresponding 
to the peak position of the secondary pre-flame, the 
concentration being at least twice as great as that 


occurring at the first pre-flame. This high concentra- 
tion of aldehydes (350 p.p.m.) associated with the 
comparatively low intensity secondary pre-flame of 
fuel D6, is similar to the concentration of aldehydes 
(380 p.p.m.) associated with the low intensity pre- 
flame observed with fuel D1 at an injection timing of 
+5° c.a. (Fig 32). The intensity and position of 
occurrence of the secondary pre-flame (fuel D6) and 
the low intensity pre-flame (fuel D1) are similar, and it 
would appear that the low intensity pre-flames are a 
function of the temperature and pressure in the engine. 
The high intensity pre-flames observed with fuel D6 
at late injection timings are probably a result of hot 
ignition of residual fuel from the previous cycle, where- 
as the low intensity secondary pre-flames observed 
with fuel D6 and the low intensity pre-flames occurring 
with fuel D1 at late injection, occurring around t.d.c., 
are pre-flames occurring under conditions of limited 
fuel concentration. 

When no pre-flames occurred, i.e. with fuel D1 at 
injection timings —10°, —5°, and 0° c.a. (Figs 29-31) 
carbon appeared in the samples, at crank angle 
positions which showed a sharp decrease in the alde- 
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hyde concentration and a rise in peroxide concentra- 
tion. The carbon appearance, approx 8° c.a. after the 
appearance of the flame, was not noticed at an injec- 
tion timing of +5° c.a. with fuel D1 or at any of the 
injection timings for fuel D6. 

It was hoped to make further sampling runs at even 
earlier injection timings, e.g. —50° c.a. with fuel D1, 
to investigate the nature of the “ step-like ’’ rise to 
full flame intensity (Fig 22) and also the nature of the 
smaller intensity pre-flames at injection timings 
—40° and —30° c.a. (Figs 19 and 20). However, 
under these conditions the engine was knocking, and 
to operate for the length of time necessary for a com- 
plete sampling run would have meant damage to the 
sampling valve. Samples were also attempted on the 
exhaust stroke, at crank angle positions corresponding 
to those investigated on the firing stroke, but under 
these conditions either the exhaust or inlet valves were 
open, and no gas flow could be obtained from the 
combustion chamber under normal sampling valve 
operation. With suction applied to the system, it 
may be possible to obtain samples on the exhaust 
stroke. 


THE PRESENCE OF ALDEHYDES IN THE 
COMBUSTION CHAMBER BEFORE FUEL 
INJECTION 


The analytical data given in Figs 29-33 confirms the 
previous findings that aldehydes and, to a lesser 
extent, peroxides are present in the combustion 
chamber before the fuel is injected. The exhaust 
gases from both fuels for several engine loads have been 
analysed. From these analyses the concentrations of 
aldehydes which would be present in the combustion 
chamber at the point of injection have been calculated. 
The actual concentrations present before injection 
aré from twenty to fifty times greater than those 
calculated. 

Aldehydes present before injection might arise from 
the oxidation of lubricating oil, but in this event the 
concentrations should be approximately the same 
irrespective of fuel type or engine operation. This is 
not the case as shown, for instance, by the very wide 
variation between fuel Dl at —5° c.a. and at +5° 
c.a. injection, and hence it is improbable that the 
lubricating oil is responsible for any large proportion 
of the aldehydes. Under ideal operating conditions, 
when the fuel efficiency is high, it is possible that the 
low concentration of aldehydes present before injection 
does in fact arise from oxidation of lubricant film left 
on the cylinder walls. However, under operating 
conditions of lower fuel efficiency, such as late injection 
timings (Figs 32-35), the high concentrations of alde- 
hydes occurring before injection are owing to the 
oxidation during the compression stroke of unburnt 
fuel from the previous cycle. It is not certain in what 
form the unburnt fuel remains in the cylinder. It may 
be present as a liquid film on the cylinder walls owing 
to incomplete vaporization during late injection of the 
fuel, or possibly as spray; again it may be partly 
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oxidized or polymerized, rather than unchanged, 
hydrocarbon fuel. 

The small contribution of lubricant to the aldehyde 
concentration has been confirmed by operating the 
engine on an eight stroke cycle to give a double 
scavenging of the cylinder. Fuel was injected every 
four crankshaft revolutions. Samples were taken 
from the combustion chamber, over a range of crank 
angle positions from before injection to the time of 
flame arrival, both on the firing cycle and on the 
“dead ” cycle, i.e. when there was no fuel injection. 
Under these conditions the engine could be operated 
only with fuel D1 at the normal injection timings of 
—8° to —10° c.a., timings which under normal four 
stroke operation do not give rise to pre-flames. With 
fuel D6 the engine could not be operated on an eight 
stroke cycle. The results obtained with fuel Dl 
proved that small amounts of aldehydes were present 
in the engine gases on the compression stroke of the 
“dead” cycle, but the quantity was less than 10 
p-p-m. It would appear, therefore, that although a 


small amount of oxidation products (aldehydes) does 
arise from the lubricant, and will be present in the 
combustion chamber at the point of fuel injection, the 
larger quantities found under pre-flame conditions 
arise mainly from the oxidation of the fuel particles 
left from the previous cycle. 


DUAL NATURE OF REACTIONS DURING 
THE DELAY PERIOD 


It is well established that in the vapour-phase 
oxidation of hydrocarbons, oxidation reactions occur 
at temperatures below those required for spontaneous 
ignition. Townend § has shown that the spontaneous 
ignition diagrams for most hydrocarbons (exceptions 
are methane, benzene, and cumene) exhibit two main 
regions, a low temperature region (ca 400°C) and a 
high temperature region. Recent work suggests that 
methane ® and benzene,?! may have a low temperature 
oxidation process. Ignition in the low temperature 
region has been found to occur by a two-stage process 
involving the formation of peroxides and the presence 
of cool flames, whilst ignition in the high temperature 
region is by a single stage process in which peroxides 
play little part and cool flames are absent. Fallah, 
Long, and Garner !° made a study of the vapour-phase 
oxidation of n-heptane, and reported maxima and 
minima in the curves obtained by plotting peroxide 
and total aldehyde and ketone concentrations against 
temperature. A similar phenomenon was found by 
Chamberlain and Walsh," which was correlated with 
the lobes in the cool and hot flame limit diagram 
obtained by Maccormac and Townend.! 

The occurrence of cool flames before hot ignition has 
been demonstrated in motored engines for a variety of 
hydrocarbons by many investigators.17_ Two types 
of pre-flames have been demonstrated, a cool flame, in 
which the emitter may be excited formaldehyde, and a 
blue flame, the exact nature of which is at present little 
understood. Downs, Street, and Wheeler 2? have made 


an exhaustive study of the occurrence of cool flames in: 
a motored engine using visual observations and ultra- 
violet spectral analysis. Cool flames occurred with 
those hydrocarbons exhibiting a low temperature 
region in the spontaneous ignition diagrams. 

Carhart !* has reviewed the literature on this subject 
and suggested the following scheme of combustion for 
hydrocarbons. Assuming that the temperature neces- 
sary for ignition prevails in a gaseous mixture con- 
taining oxygen and hydrocarbon molecules, a series of 
reactions of chain-branching type will be initiated. 
The speed with which these reactions occur will 
depend on the temperature and the nature of the 
system, and the character of the container. The 
chain-branching reactions are not instantaneous, since 
a portion of the chain reactions which do start are 
broken by chain breaking reactions with the wall of the 
vessel, etc. For these reasons a time lag occurs 
between the beginning of the oxidation and the point 
where sufficient heat is liberated to ignite the whole 
mass. If the temperature is high enough the rate of 
intermediate formation is greater than the rate of 
destruction, and when a critical concentration is 
reached ignition occurs. The time necessary to reach 
this critical concentration is the chemical ignition 
delay period. However, under certain conditions, 
such as deficiency of oxygen, a cool flame may occur. 
The cool flame may burn and die out, it may be 
followed by a second cool flame after a second delay 
period, or it may be followed immediately by a hot 
flame. There is good reason to believe that a hot flame 
must always be preceded by a cool flame, but the 
latter is seldom observed under normal engine con- 
ditions because the time interval between the cool 
flame and hot ignition is so short. However, under 
borderline conditions for hot ignition, such as in a 
motored engine, the time interval between cool flame 
and hot ignition can be observed and measured. 

These conditions exist in the diesel engine when the 
fuel injection is too early or too late for good operation. 
With early injection, ignition is delayed because the 
temperature of the air is not high enough to cause 
spontaneous ignition. Under these conditions the 
engine operation is rough and noisy, and fuel is lost 
owing to wetting of the cylinder walls and piston head. 
This results in poor fuel economy and smoke in the 
exhaust. With late injection, particularly after t.d.c., 
the fuel is injected late into the firing stroke, and again 
incomplete combustion of the fuel results. The 
experimental results given in Tables IV-VIII show 
that under these conditions the increase in delay 
period is accompanied by pre-flames, and the pre- 
flames are associated with very high concentrations of 
aldehydes (Figs 32-35). The character of the fuel is of 
importance in determining both the intensity of the 
pre-flame and the position of occurrence. With the 
high cetane number paraffin fuel, D1, pre-flames of 
low intensity occur at or after the point of injection for - 
early and for late injection timings, and at very early 
injection timings, the pre-flame merges in a step-like 
manner with the main flame. With the low cetane 
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number, naphthenic fuel, D6, pre-flames of high 
intensity occur before injection with late injection 
timings, and these pre-flames are followed by secon- 
dary pre-flames associated with very high concentra- 
tions of aldehydes. With normal injection timings, 
—5° and —10°, slight pre-flames, of low intensity, 
occur before injection (at 13° for injection at —5° c.a. 
and —30° and —20° for injection at —10° c.a.). 

Further investigation of the character of these pre- 
flames is necessary, but it would seem that in the case 
of the paraffinic fuel, the fuel is completely or almost 
completely burnt in each cycle even at late injection, 
and that the pre-flames of low intensity are in fact cool 
flames formed during the initial oxidation of the fuel at 
temperatures below those necessary for hot ignition. 
With the naphthenic fuel the combustion is incomplete, 
markedly so at late injection timings, and the first pre- 
flames of high intensity are in all probability similar to 
the main flame, and represent hot ignition of unburnt 
fuel, or partially oxidized fuel, as the compression 
stroke produces the necessary temperature conditions 
for ignition. The secondary pre-flames which follow 
are possibly associated with oxidation under conditions 
of limited hydrocarbon concentration, and are similar 
to the pre-flames occurring with the paraffinic fuel at 
late injection timings (+-5° c.a.). 

The concentrations of aldehydes observed in all 
cases in which pre-flames occur are similar to those 
observed by Downs and Wheeler in the end gas 
prior to knock in spark ignition engines. The con- 
centration of peroxides, however, is much smaller than 
that found by Downs and Wheeler and indeed smaller 
than that observed in the earlier work on the diesel 
engine, in which, however, much smaller samples were 
available and the analytical method not entirely 
satisfactory. 

Accepting the current view that the chain carrier in 
hydrocarbon oxidation is a peroxy radical, the detec- 
tion of only trace quantities of peroxides suggests that 
under the conditions of these tests in the diesel engine 
the peroxy radical is rapidly broken down into alde- 
hyde or ketonic bodies. There is also the possibility 
that peroxy compounds are decomposed during the 
sampling procedure. The high concentrations of 
aldehydes suggest that the oxidation of the hydro- 
carbon at low temperature leads to a reaction in which 
aldehydes are formed, but that as the reaction tem- 
perature increases the aldehydes are further oxidized, 
ultimately to carbon dioxide and water. Thus, in 
normal operation (Figs 29-31) the aldehyde concentra- 
tion is small, but rises as compression proceeds until 
the point of injection. 

The injection of fuel seriously reduces the tempera- 
ture and halts the oxidation of residual fuel or lubri- 
cant molecules. This is followed by a rapid increase in 
the concentration of aldehydes to the point of ignition 
when the aldehyde concentration falls rapidly. When 
the fuel is injected earlier, the increase in delay period 
permits a marked increase in aldehyde concentration 
to be achieved before hot ignition, and in those in- 
stances in which pre-flames occur, the pre-flame 
a2 
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reactions appear to use up at least a portion of the 
aldehydes. Obviously, motoring the diesel engine, 
under cold starting conditions, for instance, would 
produce large quantities of aldehydes. 

The work described is being continued by investi- 
gating the effect of compression ratio upon the occur- 
rence of pre-flames, and by a study of the pressure 
changes in the combustion chamber for the various 
injection timings for which pre-flames have been 
detected. It is also hoped to extend the scope of the 
work by employing the improved analytical tech- 
niques developed by Pahnke, Cohen, and Sturgis ?° in 
their study of the chemical reactions occurring during 
knock in engines, and by the use of spectrographic 
methods 5 to establish the nature of the emitter in the 
two types of pre-flame and in the main flame. 
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D. Downs: I am particularly pleased to have been 
asked to open the discussion on this paper, because I have 
long admired the work which Professor Garner and his 
team from Birmingham University have been doing in a 
difficult field. I and my associates have, over a period of 
some thirteen years, been carrying out a somewhat similar 
investigation into knocking combustion in the spark- 
ignition engine, using the sampling and allied techniques. 
Although our work is not without its difficulties, we are 
very conscious that it is an easier task than the com- 
parable investigation in the diesel engine. In the petrol 
engine, for one thing, the mixture is more or less homo- 
geneous. Additionally, we are not very interested in the 
normal combustion process initiated by the spark, but in 
the abnormal combustion which is liable to occur in the 
“‘ end-gas,”’ the last part of the mixture to burn, if the 
temperature—pressure-time conditions exceed certain 
critical values. In a given combustion chamber, the 

ition of the “ end-gas ” can be determined, the cham- 

r can usually be arranged so that the mixture is rela- 
tively quiescent, i.e. the ‘‘ end-gas’”’ stays in the same 
place throughout the cycle. Therefore, if a sampling 
valve is placed in the “ end-gas,” it can be used to 
follow the sequence of chemical reactions occurring in the 
reacting mixture prior to knock and the effect of engine 
and fuel variables on these reactions can readily be 
determined. 

In the diesel engine, the position is very different. It 
is the normal combustion process, generally under the 
extreme conditions of high speed or cold starting, in 
which one is mainly interested, and this process is hetero- 
geneous on both a micro and a macro scale. On what 
might be termed the micro scale, the local variations in 
mixture strength vary from all fuel to all air within the 
smallest possible space. This raises a difficulty in inter- 
preting the results of sampling experiments because the 
products collected are the result of chemical interaction 
over a wide range of mixture strength, only a narrow band 
of which may be important, with the consequence that 
there is a risk of the significant products being masked by 
possibly larger concentrations of the insignificant. 

Combustion is also heterogeneous on what might be 
termed the macro scale, because the sampling valve is 
fixed and the reacting mixture isin motion. High-speed 
a which we have recently obtained of com- 

ustion in the Comet chamber show that ignition usu- 
ally occurs near to the wall, on the far side of the com- 
bustion chamber from the injector. Once ignition has 
started, the flame burns back along the fuel jet towards 
the injector and, at the same time, the whole reacting 
mass is swirled round in the opposite direction, i.e. away 
from the injector. These great movements of flame with- 
in the combustion chamber require one to be very careful 
in interpreting results which show two peaks in a flame 
intensity diagram against time. Whereas in the petrol 
engine it would be fairly safe to assume that these were 
consecutive events in the same body of “‘ end-gas,”’ in the 
diesel engine there is a probability that they are owing to 
successive waves of burning mixture passing the sampling 
valve. The curves of oxygen and carbon dioxide con- 
centration against crank angle shown in the earlier paper 
of this series, as well as the similar curves produced by 
Egerton and Drinkwater for the same type of engine, 
suggest a combustion wave passing the sampling point at 
about 15° after top dead centre, and illustrate this point. 

There is a further difficulty. From the fundamental 
point of view, one is Beene, (a interested in the chemi- 
cal reactions occurring prior to ignition to see how the 
latter can be linked with the former, and influenced by 
them. To do this properly, it would be necessary to 
place the sampling valve at the point in the combustion 
chamber where ignition first occurs. To place it any- 
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where else is to study not the reactions preceding spon- 
taneous ignition but the passage of a flame front or of a 
swirling mass of burning gas, across a fixed position in the 
combustion chamber. 

These considerations, which had no doubt also occurred 
to Professor Garner and his team, have always made me 
rather doubtful of the value of straight sampling experi- 
ments in the diesel engine. It is not too difficult to obtain 
results, the difficulty arises in interpreting them, and 
IT am rather doubtful whether there is enough information 
to enable one to interpret the results which have been 
obtained in this series of experiments. To take first of all 
the light intensity diagrams. Are the pre-flames cool 
flames or hot flames? Are they caused by unburnt or 
partially burnt fuel in the residuals, by lubricating oil or 
by the fuel just injected? Recent experimental work has 
brought home to us the danger of attributing a low in- 
tensity C.R.O. diagram to a cool flame, 7%.e. chemi- 
luminescence of excited formaldehyde, without further 
proof, as we have obtained a similar diagram in one case 
where chemically it was impossible for excited formalde- 
hyde to be formed. So far as the lubricating oil is con- 
cerned, our motored engine experiments have shown 
flames owing to burning lubricating oil at compression 
ratios aslowas 18:1. The characteristic C.R.O. diagram 
was, however, different from those shown in the paper. 
The intensity was higher, but the phenomenon more 
transient. Certain identification of the flame will be 
made only by spectroscopic examination, and I am 
pleased to note that this is a line which the authors intend 
to pursue in the future. I do not know whether at this 
stage they feel able to amplify the remarks they have 
made in the papers about the nature of these flames; at 
one point they seem to be considering them as low 
intensity normal flames and at another to be comparing 
the intensity, etc., with that of cool flames observed in 
other experiments. 

The work seems to have established a rather nice agree- 
ment between flame development and aldehyde con- 
centration, and I am wondering in what direction Pro- 
fessor Garner and his team propose to extend their 
investigation. I recall that in the preamble to the 
first paper read before the Institute in 1952, Professor 
Garner gave as his object the study of the pre-flame 
reactions oceurring in the diesel engine with selected fuels, 
with and without the addition of ignition accelerators. 
I think that he had particularly in mind at that time an 
investigation of the reason for the often very different 
effects of ignition accelerators on cold starting and on 
normal combustion. I have already given some of the 
reasons why I think this will be very difficult to achieve 
with the present technique. I myself would prefer to 
carry out the investigation in a motored diesel engine 
with varying compression ratio, gradually increasing the 
compression ratio and analysing the products sampled at 
the point of ignition in the combustion chamber or in the 
exhaust, until ignition finally occurred, This would have 
the advantage of concentrating attention on the chemic- 
ally important reactions occurring before ignition rather 
than on those occurring after ignition. Additionally, the 
much larger samples which could be obtained from the 
exhaust would increase the scope of the analysis. A 
certain amount of work has been done, I believe, by Pro- 
fessor Garner and his team along these lines in a CFR 
engine, and reported briefly in the previous paper. I 
should be interested to have the authors’ present-day 
views on the relative merits of these two methods of 

rom the fundamental point of view, diesel combustion 
problems occupy a sort of mean position between those of 
the spark-ignition engine and the gas turbine. In the 
former case, the limitations are largely chemical; in the 
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latter almost entirely physical. Although in the diesel 
engine the major combustion problems are perhaps 
physical, in the atomization and distribution of fuel 
throughout the combustion chamber, there are some 
problems, such as those of very high-speed combustion 
and cold starting, where the chemical component of the 
process becomes more important. Comparatively little 
work is being done in this field, and this makes it all the 
more important that there should be a research team in 
England, at the University of Birmingham, which is 
making a special study of this problem and gradually 
building up a large background of experience on the 
chemical aspects of diesel combustion. The authors will 
probably agree that only the fringes of the problem have, 
so far, m touched, and that very much more work 
needs to be done before one can fully understand even 
what has been done already. The industry is neverthe- 


less very much in their debt, and it is hoped they will be 
encouraged by the interest which is being taken in their 
work to pursue it despite all the doubts and difficulties. 


Professor F. H. Garner: We should like to express our 
appreciation of Mr Downs’ comments, although it is 
difficult to reply to him in full detail immediately. His 
photographs show that the centre of ignition occurs near 
to the wall on the far side of the combustion chamber 
from the injector. It has to be remembered that most of 
our work is concerned with what happens before ignition, 
namely in the pre-flame region. Thus, interaction 
between the oxygen of the air and hydrocarbon will be 
proceeding simultaneously at a number of points until at 
one point, presumably because it is either just a little 
hotter or because the droplets are of the right size, ignition 
takes place. It is improbable that the pre-flame re- 
actions proceed to completion at the point at which 
ignition takes place at any considerable length of time 
before elsewhere in the combustion chamber. In spite of 
the heterogeneity of the oil—air mixture there is a marked 
degree of uniformity in different cycles and good repeat- 
ability in all the various curves of oxidation products and 
flame intensity. 

A comparison of the aldehyde and peroxide curves in 
the pre-flame and flame zones shows profound differences, 
and these should be considered in parallel with the flame 
intensity curves : it then appears highly improbable that 
the two peaks in the flame intensity diagram are the 
result of ignition. This point is quite important, since 
the character of the combustion products will obviously 
be quite different whether they take place as a result of 
air oxidation or as a result of combustion in the presence 
of a flame. fs 

Professor F. Morton: Mr Downs’ comments upon the 
heterogeneous character of the contents of the diesel 
engine cylinder, a point to which he referred in the dis- 
cussion on our previous papers. We have satisfied our- 
selves, and make a brief reference to this in the paper, 
that variations in the position of the valve or the use of a 
different type of valve do not cause any significant varia- 
tion in the sequence of events recorded in the graph of 
aldehydes and peroxide content v. crank angle position. 
It is surprising in view of the heterogeneous conditions 
that the results we have given are in fact repeatable. 
For any given fuel, injection timing, etc., the sampling 
curves are completely reproducible—even to the minor 
variations in peroxide content. It is this repeatability 
which has encouraged us to proceed with our investiga- 
tions along the lines we have outlined. 

We agree that the interpretation of the results is 
extremely difficult, but we believe that the sequence of 
events recorded at the sampling point is in fact the 
sequence of reactions, between pre-flame and main flame 
and that this sequence probably holds for all parts of the 
swirl chamber, although the time scale may be altered 
from point to point. 


We have been careful to avoid stating that the ob- 
served pre-flames are in fact ‘‘ cool flames ”’ because we 
have not, as yet, attempted to identify the nature of the 
pre-flame. We think, without positive evidence, that in 
certain instances, notably with the low intensity pre- 
flames occurring at about top dead centre, the pre-flames 
are in fact cool flames, but this requires to be proven. 
We are, however, completely satisfied concerning the 
relationship between pre-flames and aldehyde concentra- 
tion. Wherever pre-flames are observed they are 
associated with very high concentrations of aldehydes. 
Apparently, the pre-flames do not lead into hot ignition, 
nor are the high concentrations of aldehydes necessary for 
hot ignition, because with normal injection timings hot 
ignition occurs without pre-flames and with low con- 
centrations of aldehydes. 

We have, in earlier work, experimented with a CFR 
diesel engine under motored conditions. Although we 
might at some future date again use this technique, it was 
in fact abandoned because of the excessive corrosion 
which such an operation produces in the engine. We 
have, however, used the CFR engine to investigate the 
effect of compression ratio on pre-flames and pre-flame 
intermediates and hope to report this work in the near 
future. 


Dr &. H. Grigg: In regard to Mr Downs’ comments 
concerning the intensity of the pre-flames. From the 
work we have done so far with the Crossley and CFR 
engines, it is quite clear that when a pre-flame of high 
intensity occurs it does so before injection, whereas the 
low intensity pre-flames occur at or after the point of 
injection. 


Dr H. B. Wiener: I would like to ask the authors two 
chemical questions. First, have they considered the fact 
that the pre-flame goes out in the light of ignition limit 
diagrams? Do they attach any significance to the fact 
that they get pre-flames only with early injection, when 
the pressure is increased after the pre-flame has started, 
and with late injection, when the pressure is decreased ? 

Secondly, do they consider their samples are large 
enough to be dealt with by gas analytical methods, so 
that one could take a few fractions and really give them 
the “‘ works ’’ on vapour-phase chromatography and all 
those new methods that have sprung up in the past few 
years. 

May I finally make the innocent suggestion that they 
could put a tracer in their lubricating oil to see whether 
any of the products do, in fact, come from it. 


Dr W. D. Reid: Perhaps I can deal with the second 
point, concerning the use of other methods of analysis of 
these gases. We have, as a matter of fact, tried the 
polarographic method, and in a small way, chromoto- 
graphic methods. In regard to the use of the polaro- 
graph, there have been several papers published about the 
use of the polarographic method to detect peroxides and 
aldehydes in diesel engine exhausts, but we found that 
there were too many products masking the actual polaro- 
graphic curves for us to make any reasonable analysis 
from them. In the case of the aldehydes, we did get a 
small wave due to formaldehyde, and then another large 
wave which was due presumably to a mixture of the 
higher aldehydes and possibly ketones. In the analysis 
of the peroxides, the presence of hydrogen peroxides was 
noticed, but alkyl peroxides were masked by the nitrates 
present in the sample solution. The same thing applies 
to any method of chromotography which one might apply 
to these samples, because there seem to be so many types 
of compound—aldehydes and peroxides—that actual 
analysis of each one is extremely difficult. 


Professor F. Morton: In regard to Dr Reid’s com- 
ments, may I add that we are hoping to use vapour-phase 
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chromatographic methods in the near future. Regarding 
Dr Weiner’s suggestion concerning the disappearance of 
the pre-flame and ignition limit diagrams we have con- 
sidered this point. At very high compression ratios in the 
CFR engine the low-intensity pre-flame appears to dis- 
appear at t.d.c. and reappear almost immediately. This 
may be owing to a peculiarity of the engine, but it has 
given us reason to think in terms of ignition limiting 
pressures, although we have not so far made any detailed 
study of this point. We have also considered the use of 
tracer elements in the lubricant, but have not yet evolved 
a technique for this purpose. We believe the facts given 
in the paper indicate that the contribution of the lubri- 
cant to pre-flame reactions is small. 


Dr H. B. Wiener: Could I just repeat this question as 
to the quantity of sample? If one has as much as a litre, 
and one is getting 500 p.p.m. of aldehydes, one has half a 
c.c. at atmospheric pressure, and one could do some sort 
of fractionation with the Ward still type of apparatus, 
and that might make analysis a little easier. 


Professor F. Morton: Yes, that is quite true, except 
that as I say we have not proceeded beyond the point of 
doing the simplest estimation that we could, in order to 
obtain as many sampling runs as possible. 


Professor F. H. Garner: The analysis of the com- 
bustion samples is very difficult, and we have not found 
a reliable method of distinguishing between hydrogen 
peroxide and organic peroxides. In _ polarographic 
methods, peroxide of nitrogen coincided with one of the 
aldehyde peaks, and this made it difficult to apply this 
method for combustion products from internal com- 
bustion engines. 


N. P. W. Moore: The work of Professor Garner and his 
group at Birmingham University is of particular interest 
to us at Imperial College. We have also been engaged 
for some time in an experimental study of pre-flame 
reactions in an engine. The work at Imperial College 
could be said to lie midway between the Birmingham 
work in a running diesel engine and the work of the 
Ricardo group (discussed by Mr Downs) in a running 
spark-ignition engine. Our work has extended the 
motored engine method to a compression ignition engine 
with an open combustion chamber and a compression 
ratio of 14-7: 1. A very weak mixture of methane in air 
was pre-heated and passed to the engine with the sub- 
sequent pre-flame reactions studied both by gas analysis 
and spectrographic analysis. Methane was chosen as the 
fuel in order to simplify the analytical procedure and to 
obtain data in an engine to compare directly with experi- 
ments in static and flow systems on a laboratory scale. 
It was found possible to run the compression ignition 
engine under these conditions for long periods without 
apparent harm to the engine. 

ur own work on the pre-flame oxidation of lean 
mixtures can be compared directly with the Birmingham 
experiments, in which a pre-flame reaction is detected 
before injection, presumably involving fuel (by this time 
evaporated) carried over from the previous cycle. A 
well-defined zone of pre-reaction has been established for 
weak mixtures and has been shown, even with methane, 
to involve the “cool flame’ type emission of excited 
formaldehyde superposed on a background of burning 
carbon monoxide. Chemical analysis has shown the 
formation of carbon monoxide and its subsequent reaction 
at a later stage in the reaction when the methane is almost 
completely consumed. We have formed the view that at 
least with methane the pre-flame processes to give excited 
formaldehyde can take place only in the presence of 


reacting carbon monoxide. ‘This has been confirmed in a 
simple flow system at atmospheric and low pressures.* 

In discussing engine pre-flame data in the light of 
established laboratory scale experiments, it is most 
important to consider the ag ig temperature— 
pressure—time history of the charge in the engine. A 
recent determination of the spontaneous ignition limits of 
methane and propane in an engine has shown a remark- 
able similarity of behaviour despite their very different 
properties in a bomb or flow experiment with long induc- 
tion periods. 

It would seem to be a matter of great interest to learn 
more about the type of pre-flame reactions detected in the 
Birmingham experiments, and if possible to establish the 
nature of the emission by spectrographic analysis. 


Professor F. Morton: We are all very interested in Dr 
Moore’s comments and in the excellent work which he and 
his colleagues are carrying out at Imperial College. I am 
not sure, however, that one can extrapolate, as it were, 
from the results with methane to results obtained with a 
complex mixture of hydrocarbons of molecular weight 
around 300 and containing quaternary, tertiary, and 
secondary carbon atoms. The suggestion that the pre- 
flame in the methane-air reaction is in fact a cool flame 
and requires the presence of carbon monoxide for its 
occurrence is extremely interesting and is a point which 
we shall certainly follow. Our objectives are, however, 
— different from those of Dr Moore and his col- 
eagues. Although our results to date, and certainly 
those presented in the paper, deal with a diesel engine 
operating under unusual conditions, our primary interest 
is in the sequence of events in a diesel engine operating 
under ideal conditions. In this case, we are anxious to 
establish whether or not pyrolysis of the fuel occurs before 
or after oxidation. Our present study involves con- 
ditions in which oxidation precedes pyrolysis, but it is not 
established that this pre-flame oxidation leads to hot 
ignition unaccompanied by breakdown of the hydro- 
carbon. My personal opinion is that in normal con- 
ditions pyrolysis accompanies hot ignition, and may even 
precede it. 


Dr W. T. Lyn: There are three points I would like to 
raise. The first has been dealt with at some length by 
Mr Downs. Four years ago, when the authors presented 
Parts I and II of the investigation, I raised the point that 
care has to be taken in interpreting the results of sampling 
tests obtained from a diesel engine. Owing to the 
heterogeneous characteristics of diesel combustion, the 
original air-fuel ratio of the sampled portion varies 
widely. This undoubtedly has considerable influence on 
the partial products, as in the subject of investigation in 
the paper. The authors could easily determine the local 
air-fuel ratio by burning the whole sample in an external 
furnace and subsequently determining the CO,-content. 
I have done some work of this nature in connexion with 
the study of fuel distribution when I was at the BICERA 
laboratories in Slough, and Fig A shows a typical result 
obtained from a Crossley BWI engine of practically the 
same design as the one used by the authors, but of a 
slightly larger size. In order to use an uncooled sampling 
valve so as to reduce the valve size, the engine was 


motored and a high ignition fuel was injected 


so that no combustion takes place in the engine. The 
sample of air-fuel mixture was burned in a tube furnace 
before the products were passed through a CO,-recorder. 
Although the experimental condition is not exactly com- 
parable to those used by the authors, there are sound 
theoretical reasons to believe that the first order pictures 
are the same. It is interesting to see that the local 
mixture ratio varies considerably and in the centre of the 


* Gaydon, A. G., and Moore, N. P. W. Proc. roy. Soc. A (in the press). 
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chamber it has never reached 60 per cent of stoichio- 
metric ratio. ‘This means that a considerable portion of 
the charge is below the lower limits of inflammability at 
the centre of the chamber. 
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870 rev/min, 6-6 lb/hr fuel flow, and 120 atm nozzle release 
press. 


A proper interpretation of the author’s results should 
really include (a) the original air—fuel ratio, which, as I 
said earlier, can be obtained by burning all the samples 
outside the engine, and (b) the CO,-curves from the 
engine, like those obtained by Egeton and Drinkwater. 
These two curves will give the degree of completeness of 
combustion of that particular portion of the charge at 
that particular time. Comparison of the author’s result 
with curve (1) of Fig A shows that the appearance of 
aldehydes and peroxides correspond to a region where the 
original air-fuel mixture is over rich, as is to be expected. 
Incidentally, Professor Morton’s reply to Mr Downs’ 
criticism is not really tenable when he said that by 
moving the sample valve a } inch into the chamber he 
still got the same result. The explanation of this is that 
the time variation of the original mixture ratio is the same 
for these two positions, as can. be seen from Curves 1 and 2 
in Fig A, but it does not mean that they are uniform. 
The results presented in the paper may be interpreted as 
the history of the occurrence of successive events in the 
engine only when the original mixture ratio is uniform, as 
in the case of petrol engines. In the case of diesel 
engines, each sample taken at a particular crank angle is 
from a particular element of charge having a particular 
residential time in the engine. 

In regard to the small acceptance angle of the photo- 
cell, the 34 x }-inch passage would drastically reduce the 
view of the cell to almost a pencil line. Would the 
authors not consider such limitation makes the inter- 
pretation of the results difficult if not unreliable ? 

Finally, in Figs 29-35, the position of the occurrence of 
the ignition as distinct from flame was indicated but not 
explained. I suspect that this is the point where rapid 
pressure rise begins, but the authors stated that they have 
taken no pressure measurements. 


Professor F. H. Garner: The distribution of fuel oil in 
the combustion chamber will probably be altered con- 
siderably by the insertion of the probe, particularly when 
it is at its most advanced position, and this throws some 
doubt on the anal given on the slide. We do, how- 
ever, feel that Dr Lyn’s suggestion to determine carbon 


dioxide on some of the combustion samples is worth 
following up. 


F. Morton: Dr Lyn’s comments are of con- 
siderable interest. We agree that measurement of local 
fuel-air would be of value, and we may possibly repeat 
some of our work using the technique suggested by Dr 
Lyn. The small acceptance angle of the photo-cell is to 
some extent deliberate, the intention being to cut out 
light from all sources except the point course at which 
sampling had been performed. The point of ignition is 
taken as that point at which the light intensity trace 
leaves the horizontal trace, and flame arrival as the point 
of maximum intensity of this trace. Pressure measure- 
ments have been taken and will be reported separately. 


J. G. Withers: Might I ask the authors their views on 
the applicability of their conclusions to other engine 
designs? The authors used a swirl chamber engine, 
which undoubtedly is more likely to retain unburnt fuel 
from the previous cycle, since the swirl chamber is less 
thoroughly scavenged than the combustion chamber of a 
direct injection engine. I feel fairly certain that the pre- 
flames were a result of this unburnt fuel. I recall several 
experiments made some years ago on the same model of 
engine as the authors have used, when we were trying to 
determine the Cetane nos. of different fuels. The IP 
throttling technique was employed, and two discrete 
curves of limiting manifold depression against Cetane no. 
with a small period of overlap between them was ob- 
tained, as shown in Fig B. Between 40 and 50 Cetane 
no. there were two different levels of limiting manifold 
depression but there was never an intermediate one. At 
the time, this phenomenon was the subject of much 
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concern, but there would now seem to be no doubt that in 
one case it was owing to pre-flames, and in the other to no 
pre-flame. As one might expect, the pre-flames are in- 
duced by the rich mixtures resulting from high manifold 
depressions, associated with the upper curve. A similar 
effect was shown by a discontinuity in the curve of 
ignition delay v. injection advance, in which the ignition 
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delay suddenly shortened by 4° of crank-angle rotation 
as the injection was advanced beyond 11°.* 

A number of experiments was also made with direct- 
injection engines, but this anomaly was never found. I 
therefore believe that the pre-flames observed by the 
authors are peculiar to the swirl chamber type of engine, 
and that in the direct injection engine they either occur 
at a much lower intensity or not at all. 


Dr G. H. Grigg: I made reference to work which has 
been done on the CFR engine, in which we observed the 
pre-flames, but at very much higher compression ratios— 
in the region of 25 or over, with a normal fuel rating of 
13 ml/min. The only types of engine we have investi- 
gated are the CFR and the Crossley. We obtained high 
and low intensity pre-flames with both engines. 


J. G. Withers: Both the CFR and the Crossley engines 
are of the swirl chamber type and, as such, presumably 
have similar characteristics. We have operated a 
standard spark ignition CFR engine quite successfully as a 
direct injection diesel engine. The injector was located 
in the bouncing pin hole giving a spray across the axis of 
the cylinder. Although we did not go very far with this 
work, I believe it is possible to get quite a reasonable 
performance from the pancake type of direct injection 
chamber obtainable with the conventional CFR engine. 
This conversion might be a way of extending the scope of 
the authors’ pre-flame investigations. 


Dr E. B. Evans: One of the most interesting points in 
the paper concerns the appearance of carbon in the 
samples when using high cetane fuels and normal injec- 
tion timings. That carbon does not appear if the injec- 
tion is a little later. Is the amount of carbon formed 
appreciable? I take it that at the present stage the 
analytical methods do not permit an accurate estimation 
of the quantity of carbon, but what is the real significance 
of that carbon in the reaction mechanism? Do we assume 
that a pyrolysis of the paraffinic type of fuels is occurring ? 
One does not seem to get that in the naphthenic 
fuels, which if I remember correctly, do not produce 
carbon in the samples at any period of injection. Prob- 
ably at this stage of the work it is rather an unfair 
question, but I shall be very interested to hear if any of 
the co-authors has any views on what is the real signi- 
ficance of this carbon formation in the combustion pro- 
cess. It seems a particularly interesting point. 


Dr W. D. Reid: In regard to the amount of carbon 
that is produced, it is sufficient to cover the surface of the 
sampling vessel with a thin film. That is about the 
only estimate I can give at the moment. We have not 
been able to measure it, as it is much too small— it is a 
micro quantity, but it is definitely there, and there is no 
question about the valve being carboned up, because if 
the sampling is taken to an earlier crank angle, no carbon 
occurs, proving that it is not due to the valve becoming 
dirty. 


Professor F. Morton: In regard to the mechanism of 
carbon formation we have no real evidence, but we believe 
that pyrolysis of the hydrocarbons accompanies or 
possibly precedes hot ignition and that subsequent 
cracking reactions are responsible for carbon formation. 


Dr E. B. Evans: Carbon formation occurs over the 
injection range from —10° to 0°, but at +5° injection 
no carbon is formed. I would have thought that the 
phenomenon would have persisted with later timings. 
What accounts for the disappearance of carbon formation ? 


Professor F. Morton: Is not this point comparable with 
Dr Lyn’s question, i.e. dependent upon fuel—air ratios at a 
particular point. With late injection into a hot engine 
there is a greater rate of vaporization but a minimum 
time for vaporization before ignition. This could mean 
that combustion occurs in the vapour phase surrounding 
droplets already at a high — with subsequent 
cracking of the liquid—vapour fuel. 


Dr E. B. Evans: Are you suggesting more, or less, 
vaporization in late injection ? 


Professor F. Morton: In the case of late injection, I 
think more, because vaporization follows injection 
immediately. 


Dr E. B. Evans: In the case of a naphthenic fuel, no 
carbon at all has been observed ? 


Professor F. Morton: The amount formed is in- 
sufficient to cause a film of carbon in the sample vessels 
so that we have recorded it as no carbon formation. 


Dr W. T. Lyn: My personal opinion is that pyrolysis is 
all important in diesel engine combustion. It is not the 
original fuel which is burned, but some solid inter- 
mediates formed by pyrolysis all the time. This is sup- 
ported by the i.r. spectra which I have taken from diesel 
and petrol engines, as well as from some laboratory 
flames. 

It is known, however, from published laboratory work 
that pyrolysis could take piace at the temperature and 
within the time interval during the delay period. These 
experiments were done under atmospheric conditions. 
The high pressure under diesel conditions must greatly 
accelerate the pyrolysis process. 


Professor F. H. Garner: In the paper we have sug- 
gested that the pyrolysis products will be present in the 
diesel engine as a result of cracking of the hydrocarbons, 
but in thermal cracking pressure has no influence in 
accelerating the rate of reaction, since it is a mono- 
molecular reaction. 'The question of whether the oxygen 
attacks the hydrocarbon molecule or a radical formed 
from it, is a fundamental point. In the case of normal 
heptane we find that peroxides were formed at a tempera- 
ture of 220°C in the vapour phase. At all events, if 
radicals are the starting mechanism, then oxygen must 
play a great part in continuing the general reaction 
process. 


J. F. Alcock: In Figs 29 and 31 of the paper, there is a 
sharp dip in the aldehyde concentration curve, just before 


the rise which immediately precedes ignition. On p. 85 
this is apparently ascribed to the cooling of the air by the 
cold injected fuel. 

A difficulty about this explanation is that in Figs 29 
and 31 the increase of aldehyde concentration starts to 
fall off immediately injection starts. With the normal 
swirl rate in this type of chamber (16 x crank rev/min) 
air, cooled by the incoming fuel, should take at least 3° 
of crank angle to reach the sampling valve, which is some 
45° downstream of the injector. Thus, cooling, or any 
other influence of the incoming fuel, should not show up at 
the sampling valve until at least 3° of crank after the 
start of injection. 

In Fig 29, too, the peroxide concentration starts to fall 
about 3° before the start of injection. Thus, the injection 
cannot be responsible. 

The later rise of aldehyde and peroxide concentration 
does, however, occur 3°—5° after injection, and may be 
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owing to the first reaction products of the injected fuel 
reaching the sampling valve. 


F. Morton: I am not entirely satisfied that 
swirl is the only mechanism by which the gases at the 
sampling point may be cooled by injected fuel. The rate 
of injection would spray fuel over the chamber and the 
droplets would have a greater speed than the moving air 
mass. As an alternative to cooling by the fuel there is a 
possibility of non-regenerative cross linking between 
aldehydes and fuel molecules as suggested by Ubbelhode, 
but we have insufficient evidence to confirm either 
mechanism. 


Dr E. A. W. Austen: I should like the authors’ views 
on @ matter about which I am in some confusion and 
which I think may bear directly on the work we are 
doing on epld starting. It is whether the pre-injection 

re-flames, or reactions of partial products in the pre- 
injection period, promote ignition, prevent it, or are with- 
out effect. I am not clear what the authors’ view on 
this is. 

I had hoped that the authors’ eight-stroking experi- 
ments might shed some light on this point, and indeed I 
think there may be some evidence there. May I ask why 
the engine would not run except in a rather narrow range 
of conditions with the D1 fuel ? Was it that the engine 
would not fire on other fuels? If so, this is already a 
quite significant result. 

There is a rather surprising result in the eight-stroking 
experiments, in one of which (p. 86) there was an alde- 
hyde concentration of 10 p.p.m. on the “ dead ”’ stroke. 
In the corresponding normal running experiment (Fig 29), 
the corresponding aldehyde concentration rose to about 
25 p.p.m. Now it would be reasonable to expect a low 
pre-injection aldehyde concentration on the live stroke, 
since it is not preceded by a normal stroke. On the 
“dead” stroke the aldehyde concentration should be 
normal. I would, therefore, like to ask.if there is any 
evidence on aldehyde concentration on the live stroke and 
also if there was any considerable difference in the delay 
period in the eight-stroking experiments as compared 
with the normal running. 


Dr W. D. Reid: First, in regard to an engine running 
on an eight-stroke cycle, it is extremely difficult to get it 


to turn over at all. It is not a motored engine, it is 
running under its own power, and it would run only under 
certain injection settings, so that we could not vary the 
injection timings. 

Secondly, there was some variation in the ignition delay 
from cycle to cycle, and it was rather difficult to obtain 
any reliable results under eight-stroking conditions. But 
we did find, in general, the ignition was not greatly 
altered. 

Finally, in the sampling experiments, the presence of 
aldehydes and peroxides before the injections, é.e. at the 
end of the dead stroke, seemed to suggest that the 
lubricating oil was contributing something towards this. 
At that time, it appeared to us that those peroxides and 
aldehydes were purely from lubricating oil. On the 
other hand, they may have come from the oil remaining 
on the sides of the cylinder, or in the combustion chamber 
on the firing stroke. 


Professor F. H. Garner: In regard to the effect of the 
small flame on the performance, I think that Dr Evans 
presented a paper some time ago, in which it was shown 
that the injection of a small amount of fuel before the 
main position helps considerably in promoting smooth 
ignition. This applies whether the fuel used is gasoline or 
diesel fuel. 


Dr H. B. Wiener: 


analytical question. 


I would like to ask one more 
When one burns propane with a 


deficiency of oxygen, one gets a lot of unsaturated com- 
pounds. In the diesel engine presumably, with the 
paraffinic fuel, one also gets unsaturated compounds. I 
wonder if the authors have detected any, or looked for 
any, unsaturated compounds. 


Dr W. D. Reid: We have never been able to detect 
any unsaturated compounds in the samples which we 
have taken from the sampling valve. We did take some 
samples from the CFR engine, very large gas samples, 
when it was being motored under various compression 
ratios ; they were very large samples, 700, and we never 
detected any unsaturated hydrocarbon compounds there. 


G. M. Barrett: I would like to refer once more to this 
question of eight-stroking, I think the authors state that 
with the low cetane fuel the engine would not run at all. 
That seems to imply that with a fuel of low ignition 
quality one normally relies for ignition on fuel carried 
over from the previous cycle. If the scavenging is too 
good, the engine will not fire. When one comes to con- 
sider turbo-charged engines, which have very good 
scavenging, one usually regards them as an application 
where fuel properties do not matter very much. Cer- 
tainly they can burn heavier fuels, and [ always imagined 
that they would burn low ignition quality fuels. How- 
ever, if the theory of carry-over is correct one would 
expect that turbo-charged engines should misfire on fuels 
of very low ignition quality. 


Professor F. Morton : I am not certain that Mr Barrett's 
conclusions are correct. It is true that the engine could 
not be operated on an eight-stroke cycle using a low cetane 
fuel, but it does not follow that the engine would not fire 
because there was no residual fuel present. The engine 
cools fairly rapidly and in the eight-stroke operation 
using a high cetane fuel the engine could operate only 
between very limited injection timings. The failure to 
fire with low cetane fuels may be due to the lower engine 
and combustion chamber temperatures. 


A. E. W. Austen: One can probably check that by 
running a four-stroke at normal , and suddenly 
switching in the eight-stroke, and so one would get a con- 
tinuance of the eight-stroke engine slowed down. 


Dr W. D. Reid: Yes, that is exactly what does happen. 


Lt-Col. 8. J. M. Auld: The authors are to be con- 
gratulated on the high standard of their work and on the 
presentation of their paper. The interest in the subject 
has been clearly indicated by the discussion it has invoked 
—undoubtedly, the combustion of hydrocarbons in the 
diesel engine is a fascinating subject. 


The meeting then closed with a warm vote of thanks to 
the four authors of the paper. 


CONTRIBUTED DISCUSSION 


i : In the interpretation of the graphs 
derived from the aldehyde analyses care must be taken 
to allow for the relative phasing of events occurring in 
different parts of the chamber. For instance, it is sug- 
gested that the reduction in aldehyde concentration at 
about the time of start of injection is due to the cooling 
effect of the fuel. This would seem to be rather unlikely. 
Fuel enters the chamber at the nozzle and crosses to the 
opposite side, impinging on the heat-insulated member of 
the chamber. From here spray and vapour are carried 
round the chamber near the periphery by the rotational 
air movement. From photographic observations it 
appears that the time lapse between start of injection and 
the arrival of fuel at the position of the sampling valve is 
of the order of 10 crank degrees. In view of the orderly 
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air motion in this t of chamber it would appear un- 
likely that appreciable cooling could occur near the 
sampling valve in a time interval less than this. 

I would suggest that the decrease in aldehyde concen- 
tration at about t.d.c. is associated with the arrival at 
the sampling valve of clean air from the cylinder space. 
In this connexion it should be realized that the greatest 
transfer rate of air from the cylinder to the chamber is at 
about 20° before t.d.c., and allowing for a delay of about 
8-10 crank degrees for this air to circulate from the 
throat to the sampling point, it will be seen that the 
highest concentration of clean air at the sampling point 
should be some time around 10° before t.d.c. 

As I have said, the fuel first traverses the chamber and 
then is carried round with the air; by about 10° after 
start of injection when ignition first occurs the forefront 
of this fuel will be in the vicinity of the sampling valve. 
The first appearance of flame is to be seen as a rule some 
little way behind the fuel front and the flame then 
spreads forward to the front. It therefore appears that 


in the Crossley engine the sampling valve is sited in a 
position where it receives fuel that has had the longest 


resident time in the chamber and is in all probabilit 
largely vapour and through which a flame front travels 
in a manner akin to a spark-ignition engine. 

The appearance of carbon later in the cycle I would 
associate with the arrival at the window of fuel that has 
ignited after a short resident time, combustion taking 
place at the surface of discrete droplets. 

I am sure the’ authors are conscious of the fact that 
detailed studies of the combustion process at injection 
timings far removed from practical fuel injection timings 
may have little bearing on diesel combustion. After all, 
a swirl chamber engine of this t will run at any injec- 
tion timing whatsoever on a good quality fuel, and if one 
injects, say, on the induction stroke, one would expect the 
mode of combustion to approach that of the spark 
ignition engine. 

An interesting direct application of the tests described 
concerns the use of diesel engines in mines, where the 
presence of partial oxidation products in the exhaust gas 
is objectionable. Thus, the importance of using the 
correct injection timing, for instance, in this connexion is 
well brought out. 
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THE VAPOUR PRESSURE OF ALCOHOL-GASOLINE BLENDS * 
By GEO. E. MAPSTONE+ 


SUMMARY 


It has been shown that the increase of vapour pressure of alcohol—gasoline blends with temperature is not 
significantly different from that of other gasolines and, consequently, these blends should not be more susceptible 
to vapour lock than other gasolines of the same R.V.P. A nomograph bed ones that allows the ready calcula- 


tion of the Reid Vapour Pressure bomb correction for the dry bomb w 


INTRODUCTION 


ALCOHOL-GASOLINE BLENDS are frequently accused 
of being more susceptible to vapour lock than are 
alcohol-free blends. Much of the difficulty appears 
to have been owing to early investigators, who com- 
pared the vapour locking tendencies of alcohol blends 
with that of gasolines of lower vapour pressure.!* 
However, because of the relatively higher latent heat 
of evaporation of the alcohol it was suspected that the 
vapour pressures of alcohol blends would increase 
more rapidly with temperature than those of other 
gasolines. The data reported here show that these 
fears were groundless. 

The most convenient method available for deter- 
mining the vapour pressure of a gasoline is the Reid 
method (ASTM D323-52 ; IP 69/55), which is modified 
by using dry equipment when applied to alcohol 
blends, as otherwise the water deliberately present will 
cause phase separation and erroneous results. With 
alcohol blends, therefore, the correction for the ex- 
pansion of the air in the chamber is different from 
that when the usual wet bomb is used. 


CHART FOR CORRECTION FACTOR 


The R.V.P. correction factor is given by the re- 
lationship C = [P (¢ — 7')]/460 +-¢ 


where C = Pressure correction in p.s.i. ; 
P = Barometric pressure in p.s.i. ; 
t = Initial air chamber temperature °F ; 
T = Bath temperature °F. 


The accompanying nomograph (Fig 1) allows this 
correction to be caleulated very simply and allows 
ready adjustment for both barometric pressure and 
for changes in the bath temperature which may be 
required and which are allowed by IP 69/55. 


EFFECT OF TEMPERATURE ON VAPOUR 
PRESSURE OF ALCOHOL BLENDS 


Because of the relatively high latent heat of evapora- 
tion of alcohol it may be expected that the vapour 
pressure of alcohol blends would increase more rapidly 
with temperature than in the case of alcohol-free 


for aleohol-gasoline blends. 


blends. In order to check on this assumption the data 
in Table I were obtained, and plotted in Fig 2 on the 
nomograph previously derived * for the variation of the 
vapour pressure of gasolines with temperature. 


BAROMETRIC PRESSURE MM.HG. 


Fie l 


NOMOGRAPH FOR CORRECTION FOR R.V.P. OF 
ALCOHOL-GASOLINE BLENDS 


It can be seen that the six alcohol-containing blends 
examined and containing from 5 to 30 per cent of 
alcohol by volume show a negligible deviation from 
the line for alcohol-free gasolines. This means that 
the vapour pressures of alcohol blends do not in- 
crease faster than those of alcohol-free blends and, 


* MS received 12 December 1955. 


+ South African Torbanite Mining and Refining Co. Ltd. 
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MAPSTONE: THE VAPOUR PRESSURE OF ALCOHOL-GASOLINE BLENDS 


TABLE I 
Vapour Pressures of Alcohol—Benzole-Gasoline Blends 


Composition 


Blend 
No. 


= 

° 
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Gasoline} Alcohol | Benzole | 80°F | 90°F 
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consequently, would be no more susceptible to 
vapour locking troubles than other gasolines of 
the same R.V.P. (at 100° F). 

It is of interest that the benzole and alcohol 
examined have very similar vapour pressure curves 


o 


VAPOUR PRESSURE OF GASOLINE-PSIA 


+ 


A 


Fic 2 


NOMOGRAPH FOR EFFECT OF TEMPERATURE ON VAPOUR 
PRESSURE OF GASOLINE 


and appreciably higher relative latent heats of evapor- 
ation than either gasolines or pure aliphatic hydro- 
carbons. A portion of the line for pure aliphatic 
hydrocarbons is given in Fig 2 for comparison. 


MOL. FRACTION OF GASOLINE IN BLEND 
060 O40 O20 O 


ADDITIVE 
© ALCOHOL. 
ALCOHOL : BENZOLE 
© BENZOLE 


i 


VAPOUR PRESSURE (AT 00°F) Ib 


MOL FRACTION OF ADDITIVE IN BLEND 
Fie 3 
AZEOTROPE FORMATION IN BLENDS 


USE OF CHARTS 


If the R.V.P. bath is at a temperature other than 
100° F, Fig 1 can be used to obtain the correction to be 
applied to the observed vapour pressure reading to 
give the gasoline vapour pressure at the bath tem- 
perature. This pressure can then be corrected to 
100° F or any other desired temperature by means 
of Fig 2. 


AZEOTROPE FORMATION 


The exaltation of the vapour pressure of the aleohol- 
gasoline blends owing to azeotrope formation is 
clearly shown in Fig 3, where linear relationships 
should be obtained if the blends obeyed Raoult’s law. 
This azeotropic effect is shown to be significant also 
for benzole—gasoline blends, but is less than that of the 
alcohol-gasoline blends. It is obviously very difficult 
to calculate the vapour pressure of alcohol—benzole— 
gasoline blends, but, as long as the R.V.P of the final 
blend meets the required specification, aleohol blends 
will not show any greater tendency to vapour lock 
than other gasoline. 
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ALKYLTETRALINS 


PART II. 


THE 2- AND 6-METHYL-, -n-PROPYL AND -n-BUTYLTETRALINS * 


By A. S. BAILEY + and C. M. STAVELEY ¢ 
Communicated by J. C. SMITH f (Fellow) 


SUMMARY 


The 2- and 6-methyl-, -n-propyl- and -n-butyltetralins have been synthesized by unambiguous methods; the 
physical properties, including the i.r. and u.v. spectra, have been measured on carefully purified samples. The 
properties of alkyltetralins obtained in this and in previous investigations are compared. 


THE six hydrocarbons here described, along with those 
of Part I } of this series, continue an investigation into 
the tetrahydro-derivatives of the lower §$-n-alkyl- 
naphthalenes. With the work of Hipsher and Wise ? 
and of Karo, McLaughlin, and Hipsher* on the 
tetrahydro-a-alkylnaphthalenes, and of Mair and 
Streiff 4 on two methyltetralins, the four homologous 
series of alkyltetralins may now be compared, at least 
as to their lower members. 

In Figs 1, 2, and 3 the number of carbon atoms in 
the side-chain is plotted against the boiling point, 
refractive index, and density respectively of the alkyl- 
tetralins. From these curves, two sets of relation- 
ships can be observed. (1) It was recorded by 
Bailey, Pickering, and Smith® that the «-alkyl- 
naphthalenes are denser and more refractive than 
their 8- isomers. This behaviour is parallelled by the 
alkyltetralins; the 1- and 5- substituted compounds 
are both denser and more refractive than (respectively) 
their 2- and 6- isomers. (2) Tetralins substituted in 
the aromatic ring (the 5- and 6- compounds) are 
denser, more refractive, and higher-boiling than their 
corresponding isomers substituted in the alicyclic 
part of the nucleus (the l- and 2- compounds re- 
spectively). This effect may be correlated with the 
increase in the x electron density caused by the 
introduction of a third electron-donating substituent 
into the aromatic nucleus. 

Pure samples of alkyltetralins described in the 
literature have been obtained in various ways—by 
careful purification of petroleum fractions;* by 
reaction of «-tetralone with the appropriate alkyl 
Grignard reagent, followed by hydrogenation;* by 
catalytic hydrogenation of 1-alkylnaphthalenes, 
followed by careful fractional distillation. In some 
other reported preparations of alkyltetralins less care 
has been taken to obtain pure end-products, and often 
widely divergent values are found for the properties 
of the same compound. 

Despite reports in the literature “’° that hydro- 
genation of §-alkylnaphthalenes gives almost ex- 
clusively 6-alkyltetralins, it has been found ? that the 
product is a mixture containing not more than two 
parts of the aromatic substituted (6-) isomer to one 
part of the alicyclic substituted (2-) compound. How- 


ever, since the differences in boiling point are less in 
this series than for the tetrahydro-«-alkylnaphtha- 
lenes, syntheses by the route, hydrogenation of 6- 


c 


1 2 3 4 
C. ATOMS IN SIDE-CHAIN 


Fie 1 
BOILING POINTS (CORRECTED TO 760 MM) OF n-ALKYLTETRA- 
LINS PLOTTED AGAINST THE NUMBER OF CARBON ATOMS 
IN THE SIDE-CHAIN 


alkylnaphthalene followed by fractional distillation, 


is unattractive. The routes adopted, although rather 
long in the case of the 2- isomers, led to products of 
unambiguous structure. Reerystallization of the key 
intermediates, the alkyltetralones and acyltetralins, 


* MS received 17 November 1955. 


+ The Dyson Perrins Laboratory, Oxford. 
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ensures a high purity of the final products, although it 
was not possible to estimate the purity quantitatively. 

Of the many routes to 2-alkyltetralins available, the 
one chosen (treatment of the sodium salt of 2- 
carbethoxy-1-tetralone with alkyl halide; hydrolysis; 
and reduction through the semicarbazone of the 
ketone so obtained) is probably the one to be pre- 
ferred. When the properties of the sample of 2-methyl- 
tetralin obtained in this way were examined, however, 
they were found to differ quite considerably from the 
expected values. The boiling point, refractive index, 
and density were all lower than would have been 
predicted (for the three other homologous series, 
smooth curves were obtained on plotting these 
properties against the number of carbon atoms in the 
molecule; similar curves could be drawn for the 
higher 2-alkyltetralins, but these passed considerably 
above the values actually measured for the methyl 
homologue). This compound was therefore prepared 
by another, totally dissimilar route (condensation of 
benzyl methyl ketone with ethyl cyanoacetate; 
hydrogenation; hydrolysis to $-benzylbutyric acid ; 
Friedel-Crafts cyclization; and reduction through 
the semicarbazone). The product had properties 
agreeing exactly with those found for the first sample. 


20 


15450 


1 2 3 
C. ATOMS IN SIDE CHAINS 


Fie 2 


REFRACTIVE INDICES OF ®-ALKYLTETRALINS PLOTTED AGAINST 
THE NUMBER OF CARBON ATOMS IN THE SIDE-CHAIN 


The preferred route to 6-alkyltetralins is Friedel- 
Crafts acylation of tetralin, followed by Huang- 
Minlon reduction. Since this route is not applicable 
to the methyl homologue, the latter was prepared from 
toluene through the well-known succinic anhydride 
synthesis. 

Boiling points of the hydrocarbons were measured 
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DENSITIES OF n-ALKYLTETRALINS PLOTTED AGAINST THE 
NUMBER OF CARBON ATOMS IN THE SIDE-CHAIN 


under nitrogen with a short-stemmed Anschiitz 
thermometer in a small apparatus incorporating a 
Cottrell pump; they are correct +0-2°. 

Melting points were measured with an alcohol 
thermometer immersed in a slowly-melting mush of 
the hydrocarbon; they are correct +1-5°. Freezing 
points could not be measured in the Rossini apparatus 
owing to the very slow recovery from super-cooling. 

Densities were measured in a pycnometer of approx 
5 ml capacity. 

Refractive indices and dispersions (uy — u,) were 
determined on an Abbé instrument, the prisms being 
maintained at 20° or 25° + 0-1°. 


EXPERIMENTAL 
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CO-COOEt 
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2-Carbethoxy-|-tetralone. Crude «-tetralone (ob- 
tained by peroxidation of tetralin with air *) (30 g), 
diethyl oxalate (60 g), and dry benzene (75 ml) were 
added in an atmosphere of nitrogen to a suspension of 
sodium ethoxide [from sodium (9-5 g) in ethanol 
(120 ml), evaporated to dryness] in dry benzene (200 
ml) chilled in ice. The next day, the mixture was 
poured into ice-water. The aqueous layer was 
separated, washed with ether, and acidified; the 
product was extracted with ether, dried, and, after 
evaporation of the ether, crystallized from ethanol 
(50 ml) at —10°. There were obtained 22 g (45 per 
cent yield) of ethyl 1-tetralone-2-glyoxalate of m.p. 
47-5°-48°. When pure, recrystallized «-tetralone } 
was used, the yield rose to 87 per cent. (Bachmann 
and Wendler ® report a 70 per cent yield of m.p. 44°— 
45°; Hiickel and Goth 1° report m.p. 48°.) 

Ethyl! 1-tetralone-2-glyoxalate was stirred with half 
its weight of dry, finely-powdered soda-glass in an oil- 
bath at 180°-200° for 1-3 hr. The product was 
distilled from the powdered glass, and then redistilled 
through a 20-cm Vigreux column. The fraction 
distilling at 116°-120°/0-2 mm was collected and 
crystallized from light petroleum at —10°, giving 
75-85 per cent yields of 2-carbethoxy-1-tetralone 
of m.p. 34°-36°. (Hiickell and Goth 1° report m.p. 
34°.) 

2-METHYLTETRALIN 


2-Methyl-1-tetralone. 2-Carbethoxy -| -tetralone 


(100 g, 1 mol) in absolute alcohol (150 ml) was added 


to a solution of sodium ethoxide (from 11-6 g, 1-1 g 
atoms of sodium) in absolute alcohol (665 ml). A 
mixture of methyl iodide (130 g, 2 mol) and ethanol 
(50 ml) was slowly added, and the solution refluxed 
for 1 hr. Potassium hydroxide (50 g, 2 mol) in water 
(100 ml) was then slowly run in, and the solution 
refluxed for a further 9 hr. Ethanol (400 ml) was 
distilled from the solution, which was then cooled, 
cautiously acidified, and diluted with water. The 
neutral product was then worked up in the usual way ; 
there were obtdined 62-7 g (85-5 per cent yield) of 
liquid of b.p. 126°/12-5 mm. 

Twice recrystallized from light petroleum at —15°, 
this product gave 40 g of pure 2-methyl-1-tetralone of 
15541 and m.p. 150°. (Found: C, 82-4; H, 
7-6. Cale for C,,H,,0: C, 82:5; H, 7-5 per cent.) 
(English and Cavaglieri report nj} 1-5585.) 

The 2,4-dinitrophenylhydrazone from glycol mono- 
ethyl ether formed scarlet needles of m.p. 224°. 

The semicarbazone was obtained by mixing 2- 
methyl-1-tetralone (53 g, 1 mol) in ethanol (400 ml) 
with semicarbazide hydrochloride (55 g, 1-5 mol) and 
hydrated sodium acetate (100 g) in water (100 ml), 
and allowing to stand for two months. The product 
was washed with water, ethanol, and petroleum; a 
sample, recrystallized from ethanol, had m.p. 196° 
197°. (Found: C, 66:3; H, 7-1; N, 190. Cale 
for C,,H,,ON, : C, 66-4; H, 6-9; N, 19-3 per cent). 
(Titley 12 reports m.p. 200°-201°, English and Cava- 
glieri 1* report 199°.) 


2- Methyltetralin. 2-Methyl-1-tetralone semi- 
carbazone (from 53 g of ketone) was heated $ hr under 
reflux in a solution of potassium hydroxide (61 g) in 
ethylene glycol (450 ml). With the condenser set for 
distillation the liquid was boiled until its temperature 
reached 194° and the distillate was collected. Re- 
fluxing was then resumed for 4 hr. 

The solution was cooled, diluted with water, the 
distillate up to 194° added, and the mixture extracted 
with ether. The extract was washed with water, and 
after drying and evaporating there were obtained 
36-7 g (76 per cent yield, based on ketone) of distilled 
product. Fractionally distilled through a Bower and 
Cooke 1* column (a reflux ratio of 18:1 being used), 
the crude preparation yielded a small fraction, b.p. 
108°-110-5°/27 mm and n¥ 1-5262-1-5266, and then 
five fractions, all of b.p. 110-5°/27 mm and n® 1-5267, 
weighing 25-6 g. These fractions were combined, 
stirred with sodium metal at 160°, and distilled. The 
pure final product (found: C, 90-4; H, 9-8. Cale 
for C,,H,,: C, 90-4; H, 9-6 per cent) had the follow- 
ing constants : 
219-8°/751 mm 
—43-1° 
1-5267; 

20 0.9432 
— He = 0-0149 


Boiling point 
Melting point . 
Refractive Index 
Density . 
Dispersion (20°) 


1-5243 


2-n-PROPYLTETRALIN 


2-n-Propyl-|-tetralone. n-Propyl iodide (102 g, 
1:75 mol) was added to a solution of 2-carbethoxy-1- 
tetralone (75 g, | mol) and sodium ethoxide (from 8-7 
g, 1-1 g atom sodium) in absolute alcohol (500 ml); the 
mixture was boiled under reflux for 2 hr. Potassium 
hydroxide (80 g) in water (100 ml) was added, and re- 
fluxing continued for 5 hr. 400 ml of alcohol were 
evaporated, and the solution was cooled, acidified 
(with evolution of carbon dioxide), and diluted with 
water. After working up in the usual way with the 
aid of ether, there were obtained 55-8 g (86 per cent 
yield) of 2-n-propyl-l-tetralone boiling at 148° 
156°/12 mm; crystallized from light petroleum at 
—10°, this gave 44-8 g (69 per cent yield) of purified 
ketone of m.p. 43°-43-5°. (Found: C, 82-7; H, 
8-6 per cent. C,,H,,0 requires C, 83-0; H, 8-5 per 
cent.) 

The 2,4-dinitrophenylhydrazone, orange needles 
from ethanol, melted at 146-5°. The semicarbazone 
(from 54 g of the ketone; the reaction mixture was 
allowed to stand for 3 months before working up) had 
m.p. 185°; a small sample, crystallized from ethanol, 
formed small rods of m.p. 185°5°. (Found: C, 
69-0; H, 7-9; N, 16-8. C,,H,,ON, requires C, 68-6; 
H, 7:7; N, 17-1 per cent.) 

2-n-Propyltetralin. The semicarbazone of 2-n- 
propyl-1-tetralone (from 54 g ketone) was converted 
to the hydrocarbon in the manner described above 
for 2-methyltetralin. The crude, distilled product, 
weighing 34 g (68 per cent yield), was fractionally 
distilled through the Bower and Cooke ™ column 


3 
4 


100 


(reflux ratio, 20:1) at a pressure of 18 mm. After 
small initial fractions of b.p. 75°-112-4° and nv 
1-5090-1-5204, there were obtained four fractions, 
all of b.p. 112-4° and nf 1-5202, weighing 22-9 g. 
These were combined, stirred with sodium metal at 
160° for } hr, and redistilled. The product (found : 
C, 89-7; H, 10-6. C,,.H,, requires C, 89-6; H, 10-4 
per cent) had the following constants : 

Boiling point 

Melting point . 

Refractive Index . n® 1-5202; 1-5182 

Dispersion (20°) by — be = 0-0140 


260-1°/750 mm 
— 75° 


2-n-BUTYLTETRALIN 


2-n-Butyl-1-tetralone. n-Butyl bromide (125 g) 
was added to a solution of 2-carbethoxy-1-tetralone 
(105-5 g) and sodium ethoxide (from 11-6 g of sodium) 
in absolute alcohol (800 ml). The solution was 
refluxed for 7 hr; potassium hydroxide (100 g) in 
water (100 ml) was added, and refluxing continued 
for 7 hr. After the evaporation of 400 ml of ethanol, 
the solution was cooled, acidified, and diluted with 
water. The neutral product, worked up with the aid 
of ether, weighed 82 g and had b.p. 30°-165°/12 mm. 
Redistilled through a 20-em Vigreux column, this 
gave a main fraction, weighing 67-8 g, of b.p. 145°- 
160°/12 mm, which was crystallized successively from 
light petroleum and acetone at —78° to give 41 g of 
pure 2-n-butyl-l-tetralone of b.p. 164°/15 mm, n* 
1-5358, and m.p. 11-4°-11-8°. (Found: C, 83-1; H, 
8-8. C,,H,,O requires C, 83-2; H, 8-9 per cent.) 

The 2, 4 - dinitrophenylhydrazone crystallized from 
ethanol in orange platelets of m.p. 144°. (Found : 
N, 14-5. Cy 9H..0,N, requires N, 14-7 per cent.) 

The semicarbazone (from 41 g of the ketone; the 
reaction mixture was allowed to stand 34 months 
before being worked up) was not purified in toto; a 
sample, crystallized from glycol monoethyl ether, 
melted at 150-5°. (Found: C, 69-5; H, 8-4 per cent. 
C,;H,,ON, requires C, 69-5; H, 8-1 per cent.) 

2-n-Butyltetralin. The semicarbazone from 41 g 
of 2-n-butyl-1-tetralone was converted to the hydro- 
carbon in the manner described above for 2-methyl- 
tetralin. The crude, distilled product, weighing 30-5 g 
(80 per cent yield), was fractionally distilled through 
the Bower and Cooke }* column (reflux ratio 20: 1) 
at a pressure of 8 mm. After small initial fractions 
of b.p. 116°-125-5° and 1-5180-1-5160, four 
fractions, all of b.p. 125°5° and ni? 1-5160 and 
weighing 21-9 g, were collected. These last were 
mixed, stirred with sodium metal at 160° for } hr, 
and redistilled. The product (found: C, 89-2; 
H, 10-8. C,,Hgp requires C, 89-4; H, 10-6 per cent) 
had the following constants : 


278-8°/763 mm 
—30-1° 

15161; nz 1-5141 
0-9273 

Hy — be = 0-0134 


Boiling point 
Melting point 
Refractive Index 
Density . ‘ 
Dispersion (20°) 
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2-METHYLTETRALIN (Second Route) 


C-COOEt 


CH-COOEt 


\CH,-CH-CH, 


O 


N-NH-CO-NH, 


| 
NH,-NH-CO-NH, 


'H, 


HOOH,-CH,OH | KOH 


Ethyl 2-Cyano-3-benzylcrotonate. Benzyl methyl 
ketone (100 g, 1 mol), ethyl cyanoacetate (84-9 g, 
1 mol), ammonium acetate (11-7 g, 0-2 mol), acetic 
acid (36 g, 0-8 mol), and benzene (150 ml) were boiled 
under a constant water separator for 8 hr. The 
cooled solution was washed with water and with 
sodium hydroxide solution, and, after evaporation of 
the benzene, left a residue boiling at 136°-160°/1 mm. 
On cooling, the distillate partly crystallized; it was 
mixed with a light petroleum—benzene mixture 
(300 ml of 1:1), allowed to stand 3 hr, and filtered. 
After working up the filtrate, there were obtained 
98 g (57 per cent yield) of the ester of b.p. 120°- 
130°/0-4 mm and n? 1-5338. Cope et al report 
n® 1-5338; Hugh and Kon !° report nj 1-53401. 

Ethyl 2-Cyano-3-benzylbutyrate. Portions of ethyl 
2-cyano-3-benzylerotonate in twice their volume of 
ethanol were shaken with 1-5 per cent palladized 
strontium carbonate under hydrogen at 5 atm 
pressure. The theoretical volume (1 mol) of hydrogen 
was absorbed. After working up, the product had 
b.p. 121°-123°/0-5 mm and 1-4997-—1-4999. 

8-Benzylbutyric Acid. Ethyl 2-cyano-3-benzyl- 
butyrate (124 g), acetic acid (250 ml), cone sulphuric 
acid (125 ml), and water (125 ml) were boiled under 
reflux for 10 hr. The acidic product was then worked 
up in the usual way; it had b.p. 120°-130°/0-5 mm, 
n® 15120, and weight 60-5 g (63 per cent yield). 
(Tucker et al 16 report b.p. 275°-277°.) 

The amide crystallized from light petroleum as a 
powder of m.p. 80:5°. (Found: C, 74:5; H, 8-41. 
C,,H,,ON requires C, 74-6; H, 8-47 per cent.) 

The anilide crystallized from 50 per cent aqueous 
ethanol in needles of m.p. 103°5°. (Found: C, 
80-5; H, 7-43; N, 5-2. C,,H,ON requires C, 80-7; 
H, 7-51; N, 5-5 per cent.) 


O=N 
tl, 
| 
\Y\cH,-CO-CH, \Y-\CH,.C-CH, 
COOH CH 
CH, 
OO 
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3-Methyl-\-tetralone. $-Benzylbutyryl chloride, 
obtained by the action of thionyl chloride (55 g, 
1-4 mol) on 6-benzyibutyric acid (60-5 g, 1 mol), in 
carbon disulphide (165 ml) was chilled in ice, and 
treated with powdered aluminium chloride (50 g, 
1-1 mol) added in small portions. The mixture was 
boiled under reflux for 14 hr, chilled, and decomposed 
with ice and conc hydrochloric acid. The neutral 
product was worked up in the usual way, and on 
distillation gave a main fraction of b.p. 136°-138°/15 
mm, n} 1-5520, m.p. 16-5°, and weight 41-5 g (74-5 
per cent yield). Recrystallization from light petroleum 
gave a product of m.p. 16-9° and n® 1-5522, unchanged 
by further crystallization. (Found: C, 83-0; H, 
7-47. Cale for C,,H,,0: C, 82-5; H, 7-50 per cent.) 

The 2,4-dinitrophenylhydrazone crystallized from 
glycol monoethy! ether as an orange powder of m.p. 
241°. 

The semicarbazone, crystallized from aqueous 
ethanol, had m.p. 189°. (Found: C, 66-4; H, 6-9. 
Cale for C,,H,,ON,: C, 664; H, 6-9 per cent.) 
(Buu-Haji and Cagniant report m.p. 177°, Tucker 
etal report 179°-188°, Jones and Ramage 189°, 
Tishler et al }° report 195°-196° ; DN P, m.p. 242°.16 29) 

2 - Methyltetralin. 3-Methyl-1-tetralone semi- 
carbazone (from 47 g of ketone) was converted to the 
hydrocarbon in the manner described for 2-methy]-1- 
tetralone. A residue, obtained after distillation of 
the crude hydrocarbon, crystallized from light 
petroleum in orange prisms of m.p. 128-5°. (Found : 
C, 83-2; H, 7-7. The azine, C,,H,,N,y, requires C, 
83-5; H, 7-6 per cent.) The hydrocarbon (38-5 g) was 
fractionally distilled through the Bower and Cooke 
column with a reflux ratio of 22:1. After small low- 
boiling fractions, there were obtained four fractions, 
all of b.p. 121-5°/46 mm and nj 1-5267, weighing 
24-3 g. They were mixed, stirred with sodium at 
160° for } hr, and redistilled. The product (found : 
C, 90-5; H, 9-9. Cale for C,,H,,: C, 90-4; H, 9-6 
per cent) had the following properties : 


Boiling point 220-0°/ 757 mm (Ist Prep.) 219-8°/751 mm 
i —43-1° 


Melting point . —43-4 
Refractive Index. 
Density 


1-5267 


20 1-59 
np 1-5267 
09432 


0-9432 
6-METHYLTETRALIN 


NH,NH-OO-NH, | KOH HOCH,CH,OH 


/ 


(Following Barnett and Sanders.*4) 
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8-p-Toluylpropionic acid of m.p. 127-5° was obtained 
from toluene, succinic anhydride, and aluminium 
chloride in 81 per cent yield after recrystallization from 
benzene. (Bailey et al ** report m.p. 129°.) 

Clemmensen reduction of this gave y-p-tolyl- 
butyric acid in 84 per cent yield; after recrystalliza- 
tion from light petroleum it had m.p. 59°. (Barnett 
and Sanders *! report m.p. 59°.) 

The acid was cyclized with 80 per cent sulphuric 
acid. 7-Methyl-l-tetralone was obtained in 73 per 
cent yield, and after crystallization from light 
petroleum had m.p. 34°. (Barnett and Sanders *! 
report m.p. 35°, Bailey et al 2? report 33-5°.) 

The ketone (48 g) was converted to the semi- 
carbazone; a sample, crystallized from ethanol : 
glycol monoethy] ether (1 : 1) had m.p. 228°. (Found : 
C, 66-4; H, 6-8; N, 19-5. Cale for C,,H,,ON,: C, 
66-4; H, 6-8; N, 19-35 per cent.) (Sah ** reports 
m.p. 232°.) 

The semicarbazone was converted to the hydro- 
carbon as described for 2-methyltetralin. After 
distillation of the crude hydrocarbon a residue was 
obtained which, crystallized from light petroleum, 
formed a mat of pale yellow needles of m.p. 146°. 
(Found: C, 82:9; H, 7:4; N, 8-8. The azine, 
CygH,,No, requires C, 83-5; H, 7-6; N, 8-9 per cent.) 
The hydrocarbon was fractionally distilled through 
the Bower and Cooke }* column with a reflux ratio of 
20:1. After some initial low-boiling fractions, three 
fractions, all with b.p. 124-1°/37 mm and nf? 1-5352, 
and weighing 20 g, were collected. These were mixed, 
stirred with sodium at 160° for 4 hr, and redistilled. 
The product (found: C, 90:3; H, 95. Cale for 
C,,H,,: C, 90-4; H, 9-6 per cent) had the following 
properties : 

Boiling point 
Melting point . 
Refractive Index 


Density . 
Dispersion (20°) 


229-1°/758 mm 
—38-7° 
1-5352; 1-5330 


KOH HOOH,-CH,OH 


RCH OO 
\ 


6-Propionyltetralin. A mixture of purified tetralin 
(99 g of m.p. —36-2°, n® 1-5417) and freshly prepared 
propionyl chloride (92-2 g) was slowly added during 
2 hr to a well-stirred, ice-cold suspension of aluminium 
chloride (114 g) in carbon disulphide. The mixture 
was allowed to warm to room temperature and stand 
for 2 hr; dilute hydrochloric acid was then added with 
vigorous stirring until two clear layers were formed. 
From the organic layer, a fraction (121-8 g) of b.p. 


= 
| — = 00156 
6-n-PROPYLTETRALIN 
RCO 
All, 

CH CH, Jin KA? \ 


102 


130°-140° /0-9 mm and m.p. —8° to —5° was obtained. 
This was twice recrystallized from a 10 per cent solu- 
tion in light petroleum at —78°; the purified product, 
weighing 63 g, had b.p. 166°-170°/14 mm, m.p. —2°5° 
to —1-6°, and n? 1-5537. 

The semicarbazone crystallized from ethanol in 
small needles of m.p. 200°. (Found: N, 17:1. Cale 
for C,,H,,ON,: N, 17-1 per cent.) The 2,4-dinitro- 
phenylhydrazone, a brick-red powder from ethanol 
had m.p. 199°. 

Smith and Lo ** report »® 1-5508, semicarbazone 
m.p. 209°; Barbot reports 1-550, semicarbazone 
m.p. 224°. 225°. 

6-n-Propyltetralin. 6-Propionyltetralin (63 g) was 
added to a solution of potassium hydroxide (71-5 g) 
and hydrazine hydrate (52 ml of 90 per cent) in di- 
ethylene glycol (520 ml). The mixture was boiled 
under reflux for 45 min; the condenser was set for 
distillation, and the liquid boiled (the distillate being 
collected) until its temperature reached 197°, when 
refluxing was resumed for 4 hr. The cooled mixture 
was diluted with water, and the hydrocarbon, ex- 
tracted from it with the aid of ether, was distilled ; 
it weighed 48-7 g (83 per cent yield). 

The crude hydrocarbon was fractionally distilled 
through the Bower and Cooke !* column with a reflux 
ratio of 16:1. After three low-boiling fractions had 
been collected, the bulk of the material (26 g) distilled 
in four fractions, all of b.p. 117-1°/9 mm and nf 
1-5263. These were mixed, stirred with sodium at 
160° for } hr, and redistilled. The product (found : 
C, 89-4; H, 10-3. Cale for C,,H,,: C, 89-6; H, 10-4 
per cent) had the following properties : 

Boiling point 


262-1°/748 mm 
Melting point . —51-7° 
Refractive Index . 1-5263; 1-5242 
Density . 0-9359 
Dispersion (20°) — fe = 00146 


6-n-BUTYLTETRALIN 


6-n-Butyryltetralin. Tetralin (112 g) and n-butyryl 
chloride (112 g) were added to aluminium chloride 
(125 g) in carbon disulphide (720 ml) chilled in ice. 
The crude product had b.p. 170°-174°/13 mm, m.p. 
—4°, n® 1-5464, and weight 160 g (93 per cent yield). 
Two recrystallizations from a 20 per cent solution in 
acetone at —78° gave a product of b.p. 125°/1 mm, 
m.p. 65°, and n® 1-5468. (Barbot reports 
1-5460.) 

The 2,4-dinitrophenylhydrazone crystallized from 
glycol monoethyl ether in red needles of m.p. 201°. 
(Found: N, 14-7. H,.0,N, requires: N, 14:7 
per cent.) 

6-n-Butyltetralin. 6-n-Butyryltetralin (80 g) was 
reduced to the hydrocarbon as described for 6-pro- 
pionyltetralin. There were obtained 63-2 g of the 
crude product of b.p. 130°/8 mm. It was fractionally 
distilled through the Bower and Cooke !* column with 
a reflux ratio of 16:1. After small low-boiling 
fractions, there were collected six fractions with a 
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total weight of 43-3 g, all of b.p. 129-9°/8 mm and n?? 
1-5220. These were mixed, stirred with sodium at 
160° for 4 hr, and redistilled. The product (found : 
C, 89-2; H, 10-3. C,,Hg requires: C, 89-4; H, 
10-6 per cent) had the following properties : 
Boiling point 281-2°/764 mm 
Melting point . Failed to crystallize even at — 78° 
Refractive Index . . n2 1-5220; 1-5200 
Dispersion (20°) is — be = 0-0142 

Table I is not exhaustive, but contains only the 
best recorded values for each compound. Boiling 


TaBLe [ 
The Best Properties of Alkyltetralins Drawn from The Literature 


Sub- 


stituents Source 


F.p.-m.p. 20 ay 


—35-82° 0-96935 
—35-80° 


63! 0-95825 


—43-1° 


2-Ethyl- 
5-Ethyl- 
5-Kthyl- 
6-Ethyl- 
2-n-Propyl- Present work 
6-n-Propyl- Present work 
1-n-Butyl- 3 b (3) 
1-n-Butyl- 
2-n-Butyl- 
5-n-Butyl- 
6-n-Butyl- 
1-n-Pentyl- 


€ (2) 
Present work 


0-92705 


points obtained in the present investigation are 
corrected to a pressure of 760 mm by assuming 
dt/dp = 0-04°/mm. Sources: a, from petroleum ; 
b, tetralone synthesis; c, by hydrogenation of an 
alkylnaphthalene, followed by fractional distillation. 


Tasie IT 
Other Preparations of n-Alkyltetralins in The Literature 


Ref. 

nite 1-53316—1-53332-1-53366 (26) 
nv 15451; 0-9726 (27) 
(28) 
(29) 
. (30) 
(26) 
(31) 


1-Methyl b.p. 218°-219° 
b.p. 228-230° 
b.p. 218°-220° 
b.p. 224°-226° np 
b.p. 253° nit 
b.p. 256°-258° 


f.p. —68° 
ny 1-5234; dj? 0-9341 


2-Methyl 
1-5352; d?° 0-9504 
1-5250; d7>0-9415 
1-5308 ; 0-9395 


6-Methyl 
1-Propyl 
6-Propyl 


(References to the ethyltetralins will be found in Part I.') 
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\ 
. 
| 
Nil | 907-41? | (3) 
Nil 207-57° a (4) 
1-Methyl- 220-54° 6| 68) 
1-Methyl- 220-46° | 15354 | 0-95850 (2) 
2-Methyl- 220-2° 15267 | 0-9432 Present work 
5-Methyl- 234-20° —23-05° 1-5440 0-97106 (2) 
5-Methyl- 234-35° —22-90° 1-5439 0-9720 a (4) 
6-Methyl- 229-08° | —39-75° | 11-5357 | 0-9537 a (4) 
re 6-Methyl- 229-2° —38-7° 1-5352 0-9529 Present. work 
1-Ethyl- 239-46° 1/5318 0-95285 b (3) 
1-Ethyl- 239-40° 1-5316 0-95290 (2) 
1-Ethyl- 239-4° — 1-6319 0-9542 PartI*| (1) 
: 
(32) 
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KENT REFINERY 
‘STILL GROWING 


ay 


* 
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This new Platformate splitter column and ancillary plant ‘ 

engineered by Frasers for The British Petroleum Company En gi neered by 
Ltd., adds one more distinctive form to the skyline of 

the Kent Refinery, Isle of Grain. And it adds yet another 

specialised unit to those Frasers have supplied to British 


refineries in recent years. 


DESIGN - PURCHASING - EXPEDITING - FABRICATION - INSPECTION - ERECTION - COMMISSIONING 


W. J. FRASER & CO. LTD., CHEMICAL & PETROLEUM ENGINEERING CONTRACTORS, 
Harold Hill, Romford, ks : Monk Bretton, Barnsley, Yorks. 
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BROTHERHOOD 


STEAM TURBINES 
FOR DRIVING PUMPS, ETC. 
Wide range—All types. 


Over 40 years’ experience. 
Hundreds in hand— 
thousands in service. 


BROTHERHOOD 


STEAM ENGINES 


High Speed Vertical up to 
500 B.H.P. 

Many in hand and 
hundreds in service. 


BROTHERHOOD 


COMPRESSORS 


Air, Gasand Refrigerating. 
The widest range in the 
British Empire—made tosuit 
your requirements. 
Thousands in service. 


BROTHERHOOD 
REFRIGERATING PLANT 


Ammonia, CO,, Freon, SO,, 
Methyl! Chloride. Wide range 
—single and double acting— 
one or more stages. 
Made to measure for 


special duties. 


BROTHERHOOD 
GENERATING SETS 


Turbine driven up to 

11,000 kw. 

Engine driven up to 340 kw. 
Scores in hand, hundreds 
in service. 


also Manufacturers of all kinds of 
PLANT TO CUSTOMERS’ OWN DESIGNS 


WHY NOT SEND YOUR PROBLEMS TO US? 


We shall be pleased to investigate them confidentially 
. without commitment 


ees 


COMPRESSOR & POWER PLANT SPECIALISTS FOR NEARLY A CENTURY 


lb», 
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FOR 
HIGH 
TEMPERATURE 
SERVICE 


Conforming to B.S.S. 1750-1951, Stud Bolts and Nuts 
are being supplied by Rubery Owen to all the principal 
Oil Companies and Refinery Equipment Manufacturers 
in ever increasing quantities. Special production facilities 
have been planned to suit every requirement to both 
British and American Standards with either Unified or 


RUBERY OWEN 


RUBERY, OWEN & CO., LIMITED 
P.O. BOX No. 10, DARLASTON, WEDNESBURY 
STAFFS., ENGLAND 
Member of the Owen Organisation 


London Department: Kent House, Market Place, Oxford Circus, W.1 
eve alge ote 1470, The Queensway, Postal Station N, Toronto, 14 
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| STUD BOLTS AND NUTS | 

PETERBOROUGH - ENGLAND 
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AUTOMATIC 


“Fic 


IMPROVED 
FEATURES 


Easier to install, easier to maintain, easier to use 

and no more expensive than its predecessor, the 

ST-8000 automatic tank gauge is a new step 

forward in accurate gauging. It employs a 
Neg’ator motor instead of a 
counterweight and can be used 
on cone roof, floating roof and 
lifter roof tanks. Versions are also 
available for roof reading and 
medium pressure service. This 
gauge, designed by Shand & Jurs 
Co., Berkeley, California, U.S.A., 
is now being produced by 
Whessoe Ltd. 


THE MOST 
EFFECTIVE 
GAUGE NOW IN 
PRODUCTION 
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uses Lincolnweld 
EXCLUSIVELY! 


Throughout the new Stockton Pipeworks 


of Messrs. South Durham Steel 


and Iron Co. Ltd., the Welding equipment 
has been entirely supplied by Lincoin. 


Opened by the President of the Board of Trade, this plant 
‘is the only one of its kind in the United Kingdom ‘and 
Western Europe capable of manufacturing steel pipes to the 
length and diameter required to meet increasing world demand’ 
(Middlesbrough Evening Gazette). 


It has been equipped with three Lincolnweld twin-arc Fully. 


Automatic Machines fitted with twin feeds for the electrodes, 
for automatic submerged-arc external welding, and with four 


Manual Lincolnweld M.L.2 automatic machines for internal 
welding by the Automatic Submerged-arc process. X-ray inspec- 
tions are carried out at each stage of the pipe manufacture. 

One of the first contracts secured—the £4,300,000 order 
for 75,000 tons of special pipe for transmitting natural gas over 
250 miles of Canada—will be, in common with the whole of the 
South Durham Steel and Iron Company's pipe output from 
these works, exclusively Lincolnwelded. 


Fully Automatic Submerged-Arc welding Equipment 


LINCOLN ELECTRIC CO LTD .- 


WELWYN GARDEN CITY 
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WELWYN GARDEN 920 


HERTS 


. 
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SER VICE 


General view of crude, visbreaking, 
desulphurising, recovery 
and stabilisation units. 


Graphic type panels are installed on both 
sides of control room with operator desk 
panels in centre. Crude and visbreaker 

unit panel is illustrated. 


General view of Refinery with 
Mantova in background. 


Over-head steam, water, oi! and gas lines 
substantially supported and conveniently 
located for distribution between the units. ee 


‘li The Refinery was designed by the ica 
Engineering Company, Wichita, Kansas, U.S.A, 


1. CRAIG &@ COMPANY LIMITED 
Caledonia Engineering Works, PALS LE COTLAND 
| | Office: 727 Salisbury House, London Wall, E.C.2. Tel: NATional 3964 
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This 


quantitative 


analysis took 


only 


23 minutes 


on the 


new P—E Vapour 


Fractometer 


Employing the principles of gas chromatography, 
P-E’s new vapour fractometer is a revolutionary ad- 
vance in the field of quantitative analysis of gases 
and volatile liquids. It is fast, precise, uncomplicated 
to operate, extremely simple in calculation, and 
above all, many times less expensive than fractional 
distillation, analysers, mass spectrometers or any 
other instrument for the purpose. 

For qualitative analysis, the instrument gives ex- 
tremely clean separations—even of components and 
isomers which are difficult to separate by ordinary 
methods. For trace analysis, high sensitivity per- 
mits use of extremely small samples. 

An analysis of a synthetic mixture of low boiling 
hydrocarbons is shown above. Here 12 com- 
ponents, representing the hydrocarbons most fre- 
quently encountered, were clearly separated—a 
task extremely difficult to accomplish by ordinary 
vacuum distillation methods. The perfect shape of 


the recorder bands makes quantitative analysis 
simple and accurate. The area under each peak is 
proportional to the mole °, concentration of the 
component. These area relationships are all that is 
needed for calculation, without preliminary cali- 
bration for each individual component. 
Manufactured in USA and Germany. 
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SONNEGGSTRASSE 30, ZURICH, SWITZERLAND 


a | | | | |_| | 
: re} 
4 
| 
vi 


Underground Tanks are available in stock sizes 250 to 5,000 gallons 
Also made to measure in all capacities up to 12,000 gallons 


All sound underground 


These storage tanks have a specially high resistance 

to rust and corrosion, being built from selected Mild Steel plate 
of low phosphorus content. All-electrically welded. 

Available in single, double or triple compartments as required 


No faults in the vawits 


Butterfield Road Transport Tanks for Petrol 

and Fuel Oils, are built to specification and adapted 

to suit the needs of the chassis. Capacities are 

up to 4,000 gallons and compartments vary from | to 5 


Butterfield Girder ’ Mounting 
imparts great stability on the 
road. Tanks can be streamlined 
(valanced and enclosed) and 

are frequently * stepped ’ to 
accommodate articulating gear 
on tractor-trailer equipment 
thus preserving a normal line 


and low centre of gravity 


Butterfield srorace tanks ROAD TANKS 


full particulars from W. P. Butterfield Ltd P.O. Box 38 Shipley Yorks Tel 52244 (8 lines) 


Branches LONDON Te/ HOLborn 2455 (4 lines) BIRMINGHAM Te/ EAS 087! BRISTOL Tel 26902 
LIVERPOOL Tei CENTRAL 0829 MANCHESTER Te! BLACKFRIARS 9417 NEWCASTLE-ON-TYNE Te/ 23823 
GLASGOW Te/ CENTRAL 7696 BELFAST N.!. Te! 57343 DUBLIN Te/ 77232 
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IN THE OIL WORLD 
THEY SAY 


“That’s good, it’s an M-V Motor” 


Oil wells and refineries chroughout the world rely on 
M-V electrical equipment. ‘Metrovick’ experience of 
motors and their proper application covers all drives 
in the oil industry, from drilling to refining. Site 
engineers well know how M-V electrical equip- 


ment brings their complex plant into active life. 


250 h.p. Type FS Motor. 


METROPOLITAN -VICKERS for all Industrial Drives 
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Always among the leaders-in the production of 

highest quality petroleum products and petrochemicals, 
Cosder. Petroleum Corporation is installing the 

UOP Rexforming process:to keep pace with the growing 
requirements for better motor fuels, . - 


The Rexforming process, capable of producing gasolines 
having octane ratings well in excess of 100, will 

enable Cosden to use its UOP Platforming unit, which now 
produces gasoline blending material, for continuous 
preparation of aromatic feed stock for a Udex unit. 


Rexforming, the latest catalytic reforming process, was 
developed by Universal and is‘ available to all 

refiners. The process enables refiners to produce the 
highest quality motor fuels to satisfy the demands 

not only of today’s high compression automotive engines 
but also of still:more powerful engines ree to 

be offered soon to the at 


UNIVERSAL OL PRODUCTS tComPAnY 


30 ALGONQUIN ROAD, DES PLAINES, U.S.A. 


Forty Years Of Leadership 
In Petroleum Refining Technology 


Representative in England A. TRIM 
BUSH HOUSE, ALOWYCH, LONDON, W.C.2 
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The Kenyon organisation manu- 
factures and fits insulation 


materials for the petroleum and 


chemical industry, including 
sheet metal protective finishes 
for insulation. The combined 


knowledge and co-operation 


of each member of the organi- 


sation enables Kenyon to 
offer the most up-to-date ma- 
terials and the most expert 


advice. 


WILLIAM KENYON & SONS LTD. DUKINFIELD wanders 
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Straight talk 
builds better plants! 


Procon offers you more than the prestige of a world-wide organization; 

we furnish fast economical construction at your site. True, we may ‘point with 
pride’ to scores of installations more than five thousand miles apart but 
only for the quality of construction, not for the romance of far places. 


You would appreciate the direct talk of Procon people. Possessed of a broad 

knowledge of both construction and processing needs, Procon men trade 

ideas with you in a simple and lucid manner. : 

This belief in straight talk permeates PRO C 0 N Y ae 

every level at Procon and eases the task ( heat Britain) — 
of building better process plants for __ 
the chemical, petrochemical and petroleum PROCON.F 


refining industries. 1111 MT. PROSPECT ROAD. DES PLAINES, ILLINOIS, U. S. A. 


PROGON (Comade ) wre 


40 ADVANCE ROAD, TORONTO 18, ONTARIO 


BUSH HOUSE, ALDWYCH. LONDON, W. C. 2. 


WORLD-WIDE CONSTRUCTION FOR THE PETROLEUM, 
PETROCHEMICAL, AND CHEMICAL INDUSTRIES 
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LOMBARD ROAD, MERTON, LONDON, 5S.W.1!9 
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STRUCTURES 
IN 
STEEL 


We Specialise in 
ALL TYPES OF STRUCTURES 
Required for 
Oil Production and Refining 


ALSO 
‘KELVIN’ all iron and ‘MAINSTEEL ’ PALISADING 
and All Types of FENCING 
for HOME and OVERSEAS 


A. & J. MAIN & COMPANY LIMITED 


LONDON OFFICE 
VINCENT HOUSE, VINCENT SQUARE, 8.W.1 


Telephones : Victoria 8375/6/7/8 Telegrams: Kelvin Sowest, London 


WORKS AND REGISTERED OFFICE 
CLYDESDALE IRONWORKES, POSSILPARK 


GLASGOW, C.2 
Telephone: Possil 838! Telegrams: Kelvin, Glasgow 


CALCUTTA: Post Box 36, 16 NETAJI SUBHAS ROAD 
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For flat surfaces less joins in insulation 
mean less chances of leakage—hence 
greater thermal efficiency. CAPOSITE 
blocks can be both large and strong 
because they are made of tough, 
long-fibred Amosite asbestos. 

Large sizes of CAPOSITE are 

also quicker and cheaper to fit, 
because fewer blocks are 

needed to cover a given area. 


asbestos th 
BLOCKS an 


114-116 Park Street + London WI 
Telephone: GROsvenor 6022 
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AUTOMATIC SELF-SEALING 
CONDUIT GATE VALVES 


Newman-—McEvoy Valves are available with 
Screwed, Socket Weld or Flanged Ends 
(illustrated). Valves for 1,000 Ib., 2,000 Ib., 
3,000 !b., 5,000 Ib., and 10,000 Ib. W.O.G. 
pressures are manufactured in 2”, 2}”, 3”, 
and 4” sizes. Write for illustrated and de- 
scriptive brochure. 


These Valves have no 
equal for Christmas 

Tree and Flow Line 
service. 


<> Newman, Hender & Co. Ltd. wooncnester stroup tos. 
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** Newallastic’’ bolts and studs have qualities which are absolutely unique. 
They have been tested by every known device, and have been proved to 
be stronger and more resistant to fatigue than bolts or studs made by 


the usual method. 


POGSILPARR 


Cen GAS? 


